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CHAPTER 1 INTRODUCTION

The conventional edge emitting laser diode uses either a single-stripe
or multiple stripe structure consisting of an active layer in a plane
parallel to the semiconductor surface; two cleaved facets, functioning as
laser cavity mirrors, are perpendicular to this active layer. It is
relatively difficult to fabricate and diagnose in situ, and only
one-dimensional laser arrays have been monolithically fabricated. The
surface emitting laser (SEL), on the other hand, utilizes both surfaces of
the wafer as laser mirrors and the light output is perpendicular to the
wafer plane. This makes planar fabrication and diagnosis easier, and
more importantly, allows for two-dimensional (2-D) monolithic
integration and array formation. This 2-D SEL array can be scaled in
number and size while maintaining a high filling factor. The SEL array
diodes can also be individually addressed and controlled, and the output
beam can be easily accessed from both the front and back surfaces of the
wafer. These features are very important and desirable when a large
array of coherent emission semiconductor lasers is needed.\_ [

In addition, the SEL is typically very short in active length in
comparison to an edge emitting laser diode (about 10 mm versus 200 to
300 um ). As a result, single mode or single frequency operation can be
achieved relatively easily from SELs. Because the optical cavity is small,
the photon round trip time is short (about 0.2 psec), making very high
frequency modulation possible. Because of the large emitting area of
SELs (typically 10 um diameter, as compared with 1 um in conventional
edge emitting laser diodes), the output beam divergence of a SEL is
expected to be smaller than that of an edge emitting laser. These are all
favorable factors for application in high data rate optical communication
and signal processing.

Although the SEL promises to be very attractive for 2-D arrays and
for various applications that require fast response and single frequency
operation, the SEL device technology is still relatively young and not
fully established. So far most of the SEL device development effort has
been conducted in Japan by K. Iga and coworkers, and few research
efforts had been conducted in the United States until recently, after our
research team at LMSC began development work in collaboration with
the University of California at Berkeley.
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The SEL structure reported by the Japanese group utilized a vertical
junction similar to that in edge emitting laser diodes, without any
transverse current confinement and with relatively poor optical
confinement. As a result, the device exhibited a very high threshold
current (about a few hundred mA). In addition, the laser cavity is
formed by an etched mirror and ring electrode, which has relatively
poor optical quality. Therefore, new and novel device structures and
configurations are needed to improve the SEL performance both in
output efficiency and threshold current.

The realization of a 2-D SEL array by the Japanese group was limited
to a 2 x 2 array with only 75 percent yield, and a larger SEL array has so
far not been demonstrated. In order to prove the concept that SELs can
be easily scaled into a 2-D array, a research effort in this area is needed.

The main objective of this program, therefore, is to develop a novel
SEL design and structure with improved performance characteristics,
and to demonstrate the feasibility of scaling the SEL to a 2-D array. This
report summarizes accomplishments and progress toward this objective
during the previous 18-month period. Chapter 2 describes the technical
concepts and approaches we have taken in designing and fabricating the
SEL. Chapter 3 presents the results in device design and fabrication, laser
characterization, array development and theoretical analysis. Chapter 4
summarizes the overall progress and accomplishments and discusses the
technical issues remaining to be solved. In the last chapter, we
recommend a follow-on program that allows these remaining technical
issues to be fully investigated. This effort will bring SEL technology to a
more mature stage, and allow its true potential and practicality to be
further explored.




CHAPTER 2 TECHNICAL CONCEPTS AND APPROACHES
2.1 Key design considerations

The two prerequisites for efficient operation of a laser diode are good
optical and current confinement. These two features have been
successfully implemented in the conventional edge emitting laser diodes.
However, the SEL diodes reported so far do not provide either type of
confinement. Therefore a special structure must be devised to
implement these confinement features. We chose a transverse buried
heterojunction structure, in which the current is injected laterally into
the active region. This structure not only improves the current and
optical confinement but also provides a longer and more uniform active
length to assure higher gain and power output.

Another consideration for this new transverse junction SEL is the
optical cavity structure. The need for a low loss optical cavity is quite
evident from a threshold gain calculation. The threshold gain of a laser is
given by

Oy, = @ + (1/L)In(1/R)

where o is the internal losses due to the free carrier absorption and
scattering, L is the active-layer length, and R is the reflectivity of the
laser cavity (assume both facets have equal reflectance). For a
conventional edge emitting laser diode of L = 250 um, R = 0.32, and a =
10 cm‘l, the threshold gain is estimated to be about 60 cm'l. To keep
8, low in an SEL with a short active length, we require a cavity mirror

reflectance of R ~ 0.95 (cavity length L = 10 mm, gy = 60 cm™!

same internal losses).

, and

To achieve this high a mirror reflectance in the SEL cavity, two
approaches were explored. One approach was to form alternate layers of
GaAs and AlGaAs material with quarter-wavelength thickness within the
laser active region, or on the top and bottom portion of the laser with the
active region in between. Another approach was to deposit dielectric
coatings on the output end of the SEL instead of the alternate
quarter-wavelength GaAs/AlGaAs multilayer. Either approach can in
theory form a laser cavity with a reflectivity as high as 99 percent.
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For SELs, it is extremely important that the lasers can be made of
uniform quality in layer thickness, doping concentration, and cavity
length. The first two requirements can be met, and the third
requirement can be facilitated by using either the molecular beam
expitaxy (MBE) or metal organic chemical vapor deposition (MOCVD)
growth technique. Uniform cavity length is achieved by using a selective
etching technique that stops at a clearly defined GaAs/AlGaAs interface.
These approaches will assure formation of a mirror-like flat surface
upon which dielectric coatings can be deposited to give superior mirror
quality.

2.2 Basic surface emitting laser configurations

Based on the design considerations discussed previously, we
conceived a SEL utilizing a transverse buried heterojunction (TBH)
structure with a vertical laser cavity. Two basic SEL configurations of
this TBH structure are shown schematically in Fig. 1. One is a distributed
feedback (DFB) type and another is a distributed Bragg reflector (DBR)
type resonator configuration.

The DFB type SEL has a smaller gain volume that can operate at low
threshold current. It also requires no dielectric mirror and has good
mode selectivity. However this structure can have nonuniform spatial
gain and its performance is relatively sensitive to the DFB layer
thickness. The DBR type SEL on the other hand is easy to design, is less
sensitive to fluctuations in layer thickness, and it can be adjusted for
maximum gain or output by varying the active region volume. It also
has a more uniform spatial gain profile. However, the DBR structure
requires a high reflectivity dielectric mirror coating or multiple layers of
GaAs/AlGaAs, and typically needs a high operating current.

We chose the DFB type structure as the main approach during this
project because of the encouraging results obtained from this structure
earlier, and because of the relative simplicity in device fabrication. The
detailed design and fabrication process of this DFB type SEL and its array
are described in the following section.
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Figure 1. Schematic diagram of DFB and DBR surface emitting laser




CHAPTER 3 PROGRESS

3.1. Device design and fabrication

The successful fabrication of any new device usually requires utilizing
well-developed processing technology but often involves combining
several processing steps in a new sequence. The initial processing steps
must be compatible with and must not be affected by the processing to
follow. Because a semiconductor laser requires the synergistic action of
electronic and optical structures, the demands on performance and on
the nature of the fabrication steps is even greater. The following
sections describe the complex series of steps required to fabricate our
SELs, discuss the issues involved in our choice of electro-optical
structure, and present the results from our fabricated samples.

3.1.1. DFB type SEL structure

As we described previously, the main SEL structure we developed
during this project is a DFB type cavity as shown in Fig. 1. In this case,
the performance of the optical cavity is determined by the sequencing of
the epitaxially grown multilayer. The effective reflectance of the cavity
structure increases with the number of pairs of layers, and with the
refractive index difference between the two layers within a pair. Each of
the layers is nominally one quarter wave of optical thickness at the
design (Bragg) wavelength. The resonator loss is least at the Bragg
mode, and increases for wavelengths greater or less than this mode.
Since a symmetric DFB structure with a periodic real refractive index
modulation will not lase precisely at the Bragg wavelength, an
asymmetry must be introduced into the resonator to induce oscillation of
the Bragg mode. The "phase shift layer”, which in our structure is an
additional quarter-wave layer of GaAs located 20 pairs from the output
facet, serves to provide this asymmetry. It forces single frequency
oscillation at the design Bragg wavelength, and also increases the ratio of
forward to backward emitted power.




We chose an index guided waveguide structure for confinement of the
optical mode. Index guided structures have several advantages over
gain guided structures for laser diodes, including a lower threshold
current, a sharper turn-on at threshold, and a more stable near and far
field radiation pattern. Most other SEL designs (with the exception of in
plane surface emitters relying on second order distributed Bragg
reflection to eject the beam perpendicular to the wafer plane) have
utilized gain guiding for optical mode confinement. The buried
heterojunction structure created by the LPE-regrowth process serves to
provide this real refractive index waveguiding.

Finally, we chose a transverse buried heterostructure (TBH) type of
pn junction for electron and hole confinement. This type of charge
carrier control has been used quite successfully in edge emitting lasers,
and it is easy in principle to implement. The biggest advantage a TBH
type of junction for SELs is its compatibility with other planar processing
technology.

3.1.2. Fabrication procedure

The stariing point for the fabrication of a SEL is the epitaxially grown
multilayer structure. MOCVD was used to deposit the alternating layers
of GaAs and Al;,Ga,,As on a semi-insulating GaAs substrate. The wafer

surface was then masked and a wet chemical etch was applied to create
a mesa. This mesa forms the core of the optical waveguide as well as the
active region of the laser. The wet etch typically results in a tapered
profile. The mesa as shown in the scanning electron microscope(SEM)
photo (Fig. 2) is about 4 mm by 20 mm, with the smaller dimension
increasing to about 12 mm at the base .

Liquid phase epitaxy (LPE) is then used to regrow an n-type
Al, ,Ga, (As cladding layer around the mesa, completing the optical

waveguide structure. The silicon nitride on the top of the mesa acts as a
mask for the regrowth, allowing selective epitaxy to occur only around
the islands. Another nitride mask is then applied, and a lateral pn
junction is formed by zinc diffusion through an opening in the n-type
cladding region. The diffusion is timed so that the diffusion front stops
in the active region, providing for carrier confinement in the waveguide
core.
7
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In the final steps, ohmic contacts are applied; Au/Cr is used to
. contact the p side of the junction, and Au-Ge-Ni is used for the n contact.
The wafer is diced into chips roughly 1.5 mm on a side, and the
individual chips are mounted in a chip carrier with either a thermal
epoxy or indium solder. Finally, ultrasonically bonded aluminum wire is
used to connect the chip carrier pads to the bonding pads on the laser
array.

Figure 2. SEM picture of the cross-section of a DFB type SEL




Two fabrication issues should be discussed at this time. The proper
timing of the zinc diffusion for the p side of the junction is rather crucial
to the successful performance of the laser. The diffusion front must stop
in the center of the multilayer, so that the carriers are confined in the
center of the waveguide core and maximum gain is provided to the
optical mode. The position of the zinc front varies from laser to laser,
depending on the local wafer temperature and the local crystal quality.
The poor rectifying performance of some of the lasers may be
attributable to the diffusion front stopping on the interface between the
multilayer and the regrown AlGaAs cladding, increasing the likelihood
that carriers will leak through the junction via interfacial defects.

A second issue is the problem we have encountered with the adhesion
of the ohmic contact metallization. This is caused by two competing
requirements; the window in the silicon nitride mask must be small to
restrict the area of the zinc diffusion, but must be large enough to
provide a sufficient area for adhesion to the GaAs surface (the adhesion
to the nitride is poor). We expect to eliminate this problem with a
different choice of contact metallurgy. These two issues also affect the
fabrication yield of our SELs and SEL array, leaving only a limited
number of SEL array samples available for performance characterization.

3.2. Laser performance characterization
3.2.1. Device test apparatus

The first test that was performed on the newly fabricated SELs was to
record the current versus voltage response (I-V) as a check of the
quality of the pn junction and of the carrier confinement. A Tektronix
curve tracer was used for this measurement. Next the near field
radiation pattern and the optical output power versus current input
(L-I) were recorded. A manual semiconductor probe station was useful
for examining the near field at magnifications to 500x; we modified a
Vickers Instruments microscope to allow probe testing of our SELs and
SEL array samples, visual inspection of the near field pattern, and
recording of the L-I data. This microscope had an accessory that utilized
shearing techniques to measure image features with roughly 1 um
accuracy and was used to make dimensional measurements on the
fabricated samples. The near field pattern was recorded using an RCA
infrared vidicon with an image digitizer.
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Lastly, the spectral emission profile was measured for selected lasers.
A McPherson monochromator was used in combination with a cooled
germanium pin detector (North Coast Model EO-817L). The germanium
detector was chosen for its low noise equivalent power as well as
reasonably flat spectral response near 900 nm. A helium cryostat was
also used to take temperature-dependent data.

3.2.2. Electrical characteristics

For all the devices fabricated on a wafer, the uniformity in the I-V
response was generally quite good. A typical example of the DC
electrical response is shown in Fig. 3. The turn-on voltage is about
1.3-1.5 volts, and the breakdown voltage is about -7 volts. This result
indicates that the pn junction is formed properly in the device. However,
some junctions exhibit a large amount of leakage, and others show no
rectifying behavior at all. We have also observed a long term
degradation of the pn junction and laser performance; this may be
caused by migration of defects into the active region.

3.2.3. Near and far field radiation patterns

The refractive index difference between the active region and
cladding layer of our SEL waveguide structure is about 0.12 and
therefore should be more than adequate for providing strong mode
confinement. This is exemplified by a typical well-confined near field
radiation pattern as shown in Fig. 4. All of the lasers that we examined
have exhibited this strongly confined emission pattern, which aiso
indicates that the TBH-type pn junction is providing good carrier
confinement. The light emission is restricted to the rectangular surface
emitting area in both directions.

10
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Figure 3. Typical I-V reponse of the SEL diode

The far field emission pattern observed by a video camera shows a
near circular pattern with a divergence angle of about 8 degrees as
shown in Fig. 5. However, some laser diodes show a quite different far
field when measured with a rotating slit method. The emission is quite
broad in extent, which could be due to the strong spontaneous emission
component observed at high operating currents.
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Figure 5. Typical far-field emission pattern of SEL
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3.2.4. L-1 characteristics

For semiconductor lasers of any type the variation in optical
performance from one laser to the next can be rather large. This is
caused by the differences in crystal quality, layer uniformity, processing
steps, and in the quality of heat-sinking. As a result the SEL diodes
exhibited a broad range of optical performance. We show in Fig. 6 a set
of L-I curves for an arbitrarily chosen group of lasers. We have
measured a best case output efficiency just under 1%, and have observed
powers as high as 0.5 mW from many emitters. In measurements of the
polarization of the output from several lasers, we have observed only a
slight difference in the relative power in the two orthogonal polarization
directions.  This result is not completely unexpected; Because the
equivalent active layer thickness of the SEL is about 5 mm, which is well
within the regime in which TE and TM mode reflectances are
comparable. It is possible, however, that residual birefringence could act
to select one preferable polarization.

LIGHT QUTPUT (rel. units)

0 5 10 15 20
CURRENT (mA)

Figure 6. Typical L-I curves of SELs
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The temperature dependence of the L-1 response has also been
measured and the result is shown in Fig. 7. The “characteristic
temperature” is a quantity that is usually quoted to quantify the
performance of the laser at various temperatures, where it is assumed
that the threshold current Ilh~ exp(T/Tg) (T is the temperature and T0

is the characteristic temperature). From this data we determine that T,
~190K.

70

12 345

60 TEMP (°C)

10
20
30
40
50

50

N E W N -

uo |-

30 -

OPTICAL OUTPUT POWER (uW)

(1Y PR S N N N N R I IS B |
o 1 2 3 & 5 6 7 8 9 10 11 12

CURRENT {mA)

Figure 7. Temperature dependence of L-I response
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3.2.5. Emission spectrum

The spectral emission from these lasers has several components as
shown in Fig. 8. At very low currents (typically just a few mA) a narrow
peak appears above the background, centered at about 884 nm. This
mode corresponds to the fundamental Bragg mode as designed, and it
grows in relative intensity until much higher currents are reached
(50-100 mA), when the modes at shorter wavelength begin to compete
for the gain. The linewidth of this mode is somewhat broader than
expected, and it is difficult if not impossible to diagnose the reason for
this broad emission width. Possible explanations include thickness
errors in the epitaxially grown multilayer as well as carrier-induced
shifts in the refractive index, which both degrade the finesse of the
resonator, thus broadening the emission linewidth.
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Figure 8. Typical SEL emission spectrum
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Additional modes appear at shorter and longer wavelengths;  the
theoretical model described below predicts the positions of these
longitudinal modes with reasonable accuracy. From an examination of
the axial intensity profile of all the modes it seems likely that these
modes can contribute to the output because they can utilize the spatial
gain that is unused by the main Bragg mode. This envelope spatial hole
burning effect is predicted to be less severe in distributed Bragg
reflector (DBR) lasers.

3.3. Laser array development
3.3.1. Array design and configuration

Because of the planar structure and surface emission of SELs,
formation of 1-D and 2-D arrays is relatively simple to accomplish; a 3 x
3 SEL array might look like that shown in Fig. 9 . By proper design of
the photolithographic masks, the SEL array can be fabricated using the
same sequence of processing steps that is used in the fabrication of
individual SELs.

Figure 9. Schematic of a 3 x 3 SEL array configuration
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Using the DFB type SEL diode structure described previously, we
fabricated a number of arrays with 1-D and 2-D configurations. The
array chip was mounted on a standard multiple pin chip carrier for
testing as shown in Fig. 10.

Figure 10. Picture of a SEL array mounted on a chip carrier

Fig. 11 shows the photomicroscopic picture of a 2-D SEL array with 6
x 16 elements on a GaAs chip of about 2 mm x 2 mm. The light emitting
area is adjacent to the shiny rectangular region, which is a gold electrode
pad. The spacing between each SEL element is about 100 mm, limited
by the electrode pad size (about 80 mm by 80 mm). The pad size was
chosen for reasons of reliability; a smaller pad delaminates from the
substrate during ultrasonic wire bonding. The light emitting area varies
from 3 mm x 15 mm to 3 mm x 20 mm.

17
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Figure 11. Photomicroscopic view of a 6 x 16 SEL array

3.3.2. Array performance

0 Fig. 12 shows the emission pattern of the SEL array under cw
operation. Because of the different emission areas of SEL elements in the
array and possible nonuniformity in the wafer fabrication process, the
threshold current for each SEL varies widely between a few mA to a few
tens of mA. Therefore, the array emission pattern was taken by
adjusting the driving current of each SEL to provide a nearly uniform
emission intensity.

As can be seen from the emission pattern, the overall array has a
fairly good yield with about 95% of the SELs in the array emitting
radiation, and only a few SELs out of about a hundred do not emit light.
The non-emitting devices often exhibited no rectifying behavior,
indicating that the lack of light emission was due to little or no carrier
confinement. The carrier confinement is strong in all lasers that do emit
light, as evidenced by the tight optical mode confinement.

This result is very encouraging for future array development.
Additional improvements in array uniformity will be forthcoming as the
wafer quality and fabrication technology are refined.

‘ 18
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Figure 12. Emission pattern of a 6 x 16 SEL array

3.4. Theoretical modeling and analysis

In conjunction with the experimental work an effort of theoretical
modeling was undertaken. The objective was twofold: (1) to aid in
interpreting the experimental data on fabricated SELs, and (2) to provide
guidance in the design of the laser optical resonator. An eigenmode
theory based on a Bloch wave expansion of the electric field was
developed and applied to the analysis of DFB type SELs. This treatment
was restricted to the below threshold regime. An alternative formalism,
using thin film discrete propagation techniques, was also constructed.
This model is capable of describing strong mode coupling between the
counter-propagating waves in the resonator as well as treating gain
saturation and laser operation above threshold.  These models are
described in detail in the sections that follow.
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3.4.1. Bloch wave analysis of surface emitting lasers

The distributed feedback laser can be described quite simply if
one assumes that the solutions of Maxwell's equations for an infinite
periodic structure approximate the solutions for the finite laser

structure. The laser electric field must satisfy the Helmholtz
equation
d%E(z.) | )
7—- [g(z,A) - i B(z,M)]“E(z,A) =0 (1-1)
YA

where E(z,A) is the electric field, g is the material gain coefficient, and
B is the propagation constant. If the gain and refractive index are
assumed periodic with period A,

g(zA) - i B(zA) = gg(V) - i By(D)

+ q}:(gq(l) - i Bg(1))exp(i2qnz/A) (1-2)
q=-o0

then the solutions for the electric field are of the Floquet-Bloch type:

E(z) = A(z) exp(T'z) + B(z) exp(-Tz) (1-3)
where
r=G-iK (1-4)

G is the "effective gain" and K is the "effective propagation constant,”
and A(z) and B(z) are periodic functions of z. A(z) corresponds to a
forward propagating mode and B(z) corresponds to a backward
propagating mode. @ When the condition for Bragg reflectionis
satisfied, i.e. when By is approximately Ky (the Bragg propagation

constant), the waves scattered at each interface between dissimilar
media constructively interfere and the overall reflectivity becomes
high. If we further expand A and B in a Fourier series

20




A(z,A) = Ag + qz Aq(l)exp(ianz/A) (1-5)
q:-oo

B(z,A) =B + E Bq(l)exp(ianz/A) (1-6)
q:-co

we can derive first order expressions for the amplitude components

iK,
Arp®) = Grgoritorogg 0 (1-7)
iK_p
B‘P(l) - G+g+i(8+4¢f) By (1-8)
where
é = Kp - BO(X) (1-9)
SCff = Kb - K (1-10)
Kip =Bip +igyp (1-11)
Kp=Bptigp (1-12)

We also obtain a characteristic equation

; 2 _ 512

which is used to determine eigenmode solutions for the pair of
quantities (G, deff)- If we apply the above to our DFB surface emitter,
we obtain the results shown in Fig.13, where G, 8.¢¢, and & are
plotted as a function of wavelength for the case when the material

gain coefficient g = 2000 em 1, It is seen that the effective gain is a

maximum in the region of the Bragg wavelength, indicating that the
structure is working properly to provide maximum feedback at the

Bragg wavelength. 4
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We have also used this model to predict the emission spectrum of the
DFB type SEL. Briefly, the laser was modeled as a spontaneous
emission-driven resonator; the formalism described above was used to
determine the amount of wavelength-dependent feedback, and the
spectral variation of the spontaneous emission power was included. As
shown in Fig.14 the computed mode positions and the shift of emission
wavelength with temperature agree quite well with the experimental
data, but the estimate of the relative emission intensities is rather poor.
This may be due to the linear nature of the model, which neglects gain
saturation and is therefore applicable only below laser threshold. For
analysis of laser emission properties above laser threshold we developed
an alternative model described below.
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Figure 13. Wavelength dependence of G and d.¢¢
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3.4.2. Discrete propagation model for DFB and DBR lasers

Coupled mode theory is the standard approach to modelling
distributed feedback (DFB) lasers. and it has proved to be useful in
the first-order design of a variety of semiconductor laser structures.
It should strictly be used to analyze edge-emitting lasers, since the
coupled-mode propagation equations include an implicit assumption
of weak interaction between the forward and backward travelling
waves in the resonator. SELs operate in the strong coupling regime;

typically the distributed feedback coefficient K ~ 5000-10000 cm" !

for surface emitters, and K ~ 50 cm'1 for edge emitters. Thus some
loss in accuracy would ensue in applying the methods of coupled-
mode theory directly to SELs. In order to take this strong-coupling
effect into consideration and to include the effects of gain saturation,
we have extended the discrete propagation techniques of Bjork and

Nilsson! and have used this model to a analyze SELs with a DFB
vertical cavity and with a distributed Bragg reflector (DBR) cavity.
The methods of Ref. 1 are particularly amenable to computer
calculation and well suited to analyzing resonators having a
multilayer structure. They are also flexible enough to be used in
cases involving facet reflections, phase shift layers, amplifying
regions, and dielectric coatings.

The equations we used to model these lasers comprise two sets.
The first set treats the free propagation of the forward and backward
waves within a layer according to

Ai(zi+15) = Ai(z;) expliB;l; + (1/2) gi(A;. B 2-1)
Bi(z;+1,) = By(z;) expl-iBil; - (1/2) gi(A;, Byl (2-2)
gi(A;, By) = go/(1 + 1A;(z))12 + IB;(z,)1%) (2-3)

where A; and B; are the normalized forward and backward wave
amplitudes in the i-th layer, z, is the axial position of layer i, B;is the

propagation constant, I

the saturated and unsaturated intensity gain coefficients
respectively. The fields are propagated across an interface between
layers i and j using the second equation set

is the i-th layer thickness, and g; and gg are
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where w; is the waveguide mode field function in layer 1, and the

sum in Eq. (2-7) is over polarization. Egqgs. (2-4)-(2-7) have been
derived following results by Wang?‘. The overlap integrals in Eq. (2-
6) account for the mismatch in mode profile between two layers.
Egs. (2-1)-(2-7) are used repetitively to calculate the field amplitude
in all layers; the boundary conditions are satisfied only for a
particular set of values of gp, A, By, and A 5 (n is the number of

layers).

We apply this model to a particular longitudinal mode (at 882.6
nm) of the SEL structure of Fig. 2. Fig. 15 shows the forward and
backward output power versus pumping calculated for the design
longitudinal mode (at 882.6 nm) of the structure of Fig. 2. The
quarter-wave phase shift layer effectively diverts most of the power
out of the wafer. It is seen from Fig. 16 that the spatial intensity is
maximized at the phase shift layer, and the gain is saturated
primarily in the front portion of the resonator. The gain in the back
portion of the resonator is available for extraction by the next mode
with shorter wavelength (at 860.8 nm), since its intensity is
maximized in that section of the structure. For this laser structure
the threshold gain of the mode at 860.8 nm is roughly four times
that of the main mode at 882.6 nm; therefore its contribution to the
output spectrum will be relatively small and likely be as a broad
amplified spontaneous emission background. In fact the
experimental results obtained from this structure (cf. Fig. 10) seem
to agree with this prediction.
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CHAPTER 4 SUMMARY AND DISCUSSION

In summary, we have conducted an effort in the development and
investigation of SEL diodes and SEL arrays, and have made major
progress and accomplishments during this 18-month project. We
developed a novel SEL wusing a transverse buried heterojunction
structure and a vertical distributed feedback cavity, and successfully
fabricated and demonstrated the operation of such a SEL. The SEL has
unique characteristics including a very low threshold current and a short
optical cavity that can be modulated at a very high rate, making it
important for optical communications and signal processing.

We further extended the single SEL concept to the formation of a 2-D
array, and fabricated and demonstrated a SEL array with 6 x 16
elements. This effort proves the concept that this SEL design
configuration can be scaled into a 2-D array easily and has a potential of
forming a large 2-D array with very high packing density on a wafer
level. These features are very desirable for optical interconnect, optical
pumping, and signal processing.

We also undertook a theoretical modeling effort in conjunction with
the experimental development effort, with the objective of analyzing and
understanding the device performance characteristics as well as
providing a design tool and guideline. Two theoretical modeis were
developed. One model is based on the Bloch wave approximation, and
another model uses the thin film discrete wave propagation method.
Both models have proven to be very useful.

During the course of this project several technical papers were
generated. Four papers were presented at the technical conferences and
two papers are submitted for publication in refereed journals. The
reprints and preprints of these papers are attached in the appendix.

The progress and achievements we have achieved during this project
period are very encouraging. However, these results are preliminary,
and there remains a number of technical issues regarding the
development and understanding of the SEL and its array that need to be
addressed.
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These issues include (1) the relatively low quantum efficiency, (2) the
spatial hole burning of DFB, (3) the broad emission linewidth, (4) the
emission beam quality, (5) the array coherence, (6) the power scalability,
and (7) the development of DBR type SEL. All these technical issues are
very important in understanding the device physics and performance
characteristics of the SEL.

CHAPTER 5 RECOMMENDATION

Based on our preliminary findings obtained thus far during the course
of this project, we found the SEL technology we developed has a number
of desirable features and key functional advantages over the
conventional edge emitting laser diodes and other types of SELs.
However, because of the remaining technical issues we mentioned
previously, the ultimate superiority and potential limitations of this SEL
technology cannot be candidly assessed. Therefore, we strongly
recommend that a follow-on research effort in this SEL technology be
continued. The follow-on effort will investigate those technical issues
thoroughly and bring this technology to a more mature stage for further
assessment.  Such an effort could also make the SEL an enabling
technology for many potential DoD applications in the areas of optical
signal processing, optical communication, optical interconnect, optical
pumping, and optical computing.

REFERENCE :
1. G. Bjork and O. Nilsson, J. Lightwave Tech. LT-5, 140, (1987)
2. S. Wang, J. Appl. Phys. 44, 767 (1973)
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APPENDIX

A list of papers either presented or to be published as a result of this
project is as follows, and the reprints and preprints of these papers are
attached.

[. Conference paper

1. "High modulation rate laser array for microwave optics,” SPIE
conference, paper 1102-03, March 1989

2

"A single mode model of surface emitting DFB and DBR
semiconductor lasers,” OSA meeting, paper MJ9, Oct. 1988

3. "Characteristic emission of a transverse buried heterojunction
GaAs/AlGaAs surface emitting laser diode," IQEC, paper TuP-43,
July 1988

4. "GaAs/AlGaAs surface emitting laser diode with vertical
distributed feedback optical cavity and transverse junction buried
. heterostructure,” IEDM paper 34.3, Dec. 1987

II. Journal paper

1. "On the emission properties of surface emitting DFB and DBR
semiconductor lasers,” to be published in Optics Letters.

2. "Propagation of light in periodic structures with material
dispersion and application to the distributed feedhack surface
emitting laser diode," submitted to J.Quantu - .. < tronics.

III. Internal report

1. "Propagation of light in periodic structures with material
dispersion: general theory and application to the DFB surface
emitting laser diode,” Memorandum No. UCB/ERL M 88/63, Oct.
1988.
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INTERNATIONAL

ELECTRON DEVICES MEETING. Washington, D C . December 69, 1987

GaAs/AlGaAs SURFACE EMITTING LASER DIODE
WITH VERTICAL DISTRIBUTED FEEDBACK OPTICAL CAVITY
AND TRANSVERSE JUNCTION BURIED HETEROSTRUCTURE

Wei Hsin, Mutsuo Ogura®, Jean-Picrre Weber, SC. Wang®, /.J. Yang?),
M.C. Wu, Shyh Wung, and John R. Whinnery.

Department of Electrical Engineering and Computer Science, and
Electronics Research Laboratory, University of California, Berkeley, CA 94720

ABSTRACT

A threshold current of 2 mA atl room temperature
CW operation is realized in a vertical distributed feedback
surface emilling laser diode (VDFB-SEI.D) with
transverse junction buried heterostructure (TJBH). In this
TIB!H stracture, the vertical distributed feedback active
region (AlGaAs/GaAs multilayer) is entirely surrounded
by N- and P-type AlGaAs cladding layer for minority
carrier confinement. The far field angle is 7 to 8 degrees.
The beam shape is nearly circular. However, the lasing
spectrum is broad ( 1.5 to 3 nm ) compared with the con-
ventional edge-emitting laser. Theoretical model of the
VDFB-SEI.D-TJBH by using DFB theory and its computer
simulation of the spectrum shows good agreement with
the experimental measurements.

INTRODUCTION

The vertical distributed feedback surface emitling
laser diode (VDFB-SELLD) is very advantageous for opto-
electronic integration because it does not need cleavage nor
a backside substrate eiching process to form a vertical
optical cavity [1,2]. High reflectivity of the cavity mir-
rors and high efficiency in the carrier confinement struc-
ture are important to realize low threshold current opera-
tion of the VDI'B-SELD. High reflectivity of the cavity
mirrors was already realized by the use of a quarter
wavelength stack of AlGaAs and GaAs thin layers [3];
however, carrier confinement was not adequate in the pre-
vious structures [1,2]. In this report, we realized a novel
transverse junction buried heterostructure (TJBH) by
selective liquid phase epitaxy (LPE) and selective zinc
diffusion, and achieved a room- temperature, low-
threshold current, CW operation of the VDFB-SELD.

DEVICE FABRICATION

Figure 1 depicts the VDFB SELD-TJBH structure.
The active layer is made of a quarter wavelength stack of
Al,3Ga,;As and GaAs thin layers prepared by metal-
organic chemical vapor deposition (MOCVD). The
thicknesses of each pair of AlGaAs/GaAs layers are first
chosen and then adjusted so that the reflectivity is peaked
near the gain maximum of GaAs. The optical cavity,
formed by these AlGaAs/GaAs multilayers, consists of 20

a) also with Electrotechnical Laboratory, Sakura mura. Niihas gun , lbaraki
305 Japan b)Research & Development Division, Lockheed Missiles & Space Com
pany. Inc., Palo Alto, CA 94304 1187 ¢)Space and Technology Group, TRW,
One Space Pack. Redondo Beach, California 92078
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pairs at the top, 60 pairs at the bottom, and a phase
shifter GaAs layer in between. The thickness of the GaAs
phase shifting layer is about half wavelength of the gain
maximum, which allows the laser 1o lase at the Bragg
wavelength ol the multilayer. This mululayer is etched
by a wet etching solution lcaving mesas with different
dimensions ranging from 2 x 8 t0 3 x 17 um on the top
surface and 10 um in height with the DFB type active
region. The N-type Al, Gay,As cladding layer is formed
by selective LPE using silicon nitride on top of the mesa
as a selective epitaxial mask. The lateral pn-junction is
formed by selective zinc diffusion through an opcening in
the silicon nitride film at a distance of 3 10 4 um away
from the edge of the mesa. Due to lateral diffusion, the
zinc diffusion front is inside the multilayer. In this struc-
ture, the GaAs/AlGaAs part of the multilayer is com-
pletely surrounded by the N- or P-type AlGaAs. There-
fore, carrier confinement should be comparable with that
of buried hetero-structures used with the edge emituing
laser diode . The zinc diffusion front spreads along the
cladding region as well as along the AlGaAs/GaAs mul-
tilayer. However, carriers are injected predominantly into
the the GaAs part of the multilayer because the turn-on
voitage for an AlGaAs pn-junction is higher than for a
GaAs pn junction.

DEVICE RESULTS

Figure 2 shows the light output versus dc current
(1.-1)} charactenstics of the VDFB-SEL.D. The laser is
operated CW at room temperature. The threshold current

.is 2 mA as seen in the inset of this figure. The total hight

outlput increases linearly up to 25 mA. The output power
is 28 uW at 10 mA and 87 W at 25 mA.

Figure 3(a) shows the near-field patte=n of the
VDFB-SELD. The light-emitting region is tightly confined
within the rectangular top emission surface. Therefore,
carrier confinement by the TJBH siructure s very
effecuve. Figure 3(b) shows the far-field pattern at an
operating current of 20 mA. It shows a nearly circular
pattern with a gaussian-like intensity profile. The
estimated beam divergence angle is about 7 to 8 degrees
This indicates a good spatial coherence in this device.
However, the circular emission pattern is not expected
from a trapezoidal mesa cavity with a rectangular emis-
sion surface. We think that the curved boundary between
the AlGaAs/GaAs multilayer active region and AlGaAs
cladding region may affect the emission beam pattern.

Figure 4 shows the CW electroluminescence specira
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of the VDIEB SEID-TIBH structures As is seen 1n the
inset of the Lgure, the onset of sharp emission hine at 884
nin bocanes obvious at the drive current of L6 meAL Ths
cairent level as oconsistent with the threshold curient
deduced trom the 11 charactenstics. The hall width ol
the lastng spectrum at 884 nm s rather wide € 1.5 1o 3
nm ) compared with an edge enntting (B ) Jaser diode
and there is a large amphified spontanwous emission at the
shorter wavelength side. However, there are fundamenial
diff erences between the short-cavity SE and long-cavity
LE lasors. First, the mode spacing in the SE laser is much
wider than the EE laser. For such wide spectral sepaia-
tion, the mode brodadening mechamism will be different
from that of the bE laser. Second, the spontaneous enis-
ston tactor in the short-cavity Sk laser 1s expected 10 be
much larger than that an the long-cavity LI laser (1],
Both these factors will affect the brhavior of the two
1y pes of lasers in terms of lasing spectrum.

L]
THEORETICAL MODELING OF DEVICE
We use Bloeh wave theory for the DEB multilaver
section {5] and consider the laser as an amphficr driven by
spontancous ennssion. Figure 5 shows the dealized struc-
ture we used for the calculation of the reflectivaty curve
and emission spectrum. By & Eo , E; & E; are the electric
fields of the forward- and backward-going waves respec-
tively, at the two anterfaces of the phase shifter region
(1,,). 8s are the equivalent sources at the interfaces due 1o
the random spontaneous emission in each section. R,'s and
T's are the reflection and transmission coefficients of the
Bloch waves at the interfaces. R, Ry and T,, T, refer to
the phase shifter as a whole. The round-trip condition is
given by:
(1-R, R; PZ X 1-RyR(PZ) =R, R, T, T, P§ P2 (1)
where the P's are the propagation factors in each section
[5). From Eqn.(1), we can calculate the wavelengths and

threshold gains of the modes. The outpul spectral power
density is given by:

. 2
P (M) = lR,T.P;ﬁ+T, ! PAA)+

D
2 12
N T
’T,Pzﬁ’PZ(A)+}’r,PZF’ PUA)+
P,
lT,T,R.Pz.D- rp‘(x) . (2)

where
N=R3+R4P‘2(T2T3'—R2R;)
D=(1 =R RPN 1~RyRPZI)=R, R T, T, P2 P2

and the P, (A)'s are the spectral power densities of the
equivalent spontaneous emission sources S,'s at the four
interfaces. Realistic gain and spontaneous emission spec-
trum were used for the calculations.

COMPUTER SIMULATION RESULTS

Figure 6 shows the reflectivity curve measured from
the top surface and the theoretical calculation based on
Bloch wave theory. The agreement is very good in predict -
ing the shape of reflectivity curve. Figure 7 shows the
experimental pulsed spectrum and the computer calcu-
lated power spectrum from Eqn.(1) and Eqn.(2) above, at
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different carrier densities. The agreement is fairly good.
Fhe lowest efective threshold power gain mode (G, ~ 3.0
cm ') is at 884 nm from calculation, all the other modes
which appear as the humps tn the spectrum have a much
higher effective threshold power gain (G~ 1-2x 10%cm ).
lhus, only the mode at 884 nm is lasing (1.¢. above thres-
hold), all the other modes are still below threshold at
these current levels. Therefore, the emission spectrum
shows a sharp peak at 884 nm and much broader humps
at shorter wavclengths due to the amphfied spontaneous
emission produced by these high threshold gain modes. In
this model, we assume that the carmer density s given
and the gain spectrum is then calculated with a sem-
empirical model, assuming Fermi-Dirac distributions in
the bands. Gain saturation 1S not taken into acoount.
Therefore, the model is really vald only below threshold
and fails to give the exact amplitude of the lasing peak
above threshold. The fact that 1t reproduces the shape of
the spectrum above threshold elsewhere indicates that
there 1s inhomogeneous broadening and that the carrier
density 1s not clamped at threshold. The measured
FWIHM of the lasing peak is probably larger than the real
one because of the limited resolution (7 A) of the meas-
urement { which was incorporated in the simulations).

CONCLUSIONS

In conclusion, the VDFB-SELD-TIBH structure 1s
realized with the combination of MOCVD. selective LPL:,
and z2inc diffusion techmques. In this structure . an
MOCVD-grown AlGaAs/GaAs multilayer is surrounded
completely by P- and N-type AlGaAs cladding layers,
such that lateral carner injection and carrier confinement
are achieved. Nominal threshold current for CW operation
is 2 mA. The radiation region is well confined within the
active region. The far-field patiern is circular and well
defined. However, lasing spectra at 884 nm s broad (1.5
10 3 nm) and there is large amplified spontaneous emis-
sion at shorter wavelengths. Computer simulation shows
good agreement with the measurement. Further improve-
ment of the spectrum can be realized by proper
muodifications of the optical cavity and layer thickness of
the multilayer and phase shifter.
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P-AiGaAs
by Zn Ditfusion

FIGURE CAPTIONS

Fig(1) (a)Schemauc diagram of the VDFB-SELD-TJBH
structure. (b)Cross-sectional SEM picture of the
VDEB-SELD-TIBH structure. The white con-
trasted region at the right side of the multilayer
1s a zinc diffused P-type AlGaAs cladding layer.

Fig{2) Light output versus dc drive current of the
VDFB-SELD-TIBH structure.

Fig.(3) (a)Near-field pattern of the VDFB-SELD. Also
shows the line profile of the field intensity

acruss the long edge of the rectangular emission 80 i i ' ¥ T T
region. (b)Far-held pattern and its intensity RT,CW
hne profile across the beam center of the VDFB- 8o .
SEL.D.
Fig(d) CW electroluminescence spectra of the VDFB- 70F .
SEL.D. E
Fig.(5) Schematic diagram of the idealized VDFB-SELD L sor .
structure used for theoretical model. L, is the - 9
phase shifter region, L,&L.&Ls are the mul- o> 5ol sl RT,CW
tilayer DFB section. o z, |
Fig.(6) Measured and calculated reflectivity curve of the 8 <ok 36
multilayer from the top surface. - § . i
Fig{7)} Spectrum of the VDFB-SELD. (a)Experimental £ ok E.
measurements (400 ns pulse). Resolution of the g o 7
monochrometer is 0.7 nm in the measurement. = 3
(b)Computer simulation results for carrier den- 201 g2 -
sity N=0.5x10% ¢cm? (1), 1x10"® ¢cm™? (2), 2x10%® <
em (3}, 3x10'% c¢m 3 (4). 101 I e
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tition rate can only be achieved in highly doped

(50%}) crystals where by */a s = sz *ha, -
‘ly , cross relaxation the long-living lower laser
level can be depopulated. Highly doped flash-
tamp-pumped Y AIQ;:Er has a typical laser thresh-
old of ~30 J tor a crystal of 75-mm length and
6 35.mm diameter. 100-Hz operation would thus
lead  an average pump power exceeding 3 kW,
well beyond the thermal damage threshold.
Therefore, a reduction of the threshold is required.

As most of the pump light of a xenon flashlamp
is absorbed far above the upper laser level, this
exciation leads to cross relaxations, emission of
resonance lines, and stimutated mu'tiphonon tran-
sitions. These processes can enhance the laser
threshold or cause crystal heating. To reduce the
threshold. the pump light was spectrally filtered by
intraducing color tilters or dyes in the pump cavity
between the flashlamp and the laser rod. Experi-
mentally a reduction of the absorbed energy in the
crystal at laser threshold by a factor of ~4 and a
pulse repetition rate up to 125 Hz could be
achieved. (12 min)

MJ3  Optlimization of the gain in Nd:Siiica single-
mode fibers

M. DIGONNET, K LiU, H. J. SHAW, Stanford U,
Ginzton Laboratory, Stantord, CA 94305-4085.

The development of efficient (low pump power)
optical amplifiers and sources based on rare-earth
doped or other active tibers depends critically on
the optical gain of the fiber, especially when three-
level or low gain {e.g.. nonlinear) processes are
involved In optically end-pumped fibers, the gain
depends on optical energy confinement provided
by the fiber and consequently on the tiber N.A_and
core dimension. These dependences were Inves-
tigated experimentally and theoretically to estab-
lish the range ol liber parameters which optimizes
the gain. In Nd:SiO, fibers from different manu-
facturers, we have measured an optical gain rang-
ing from 0.15 to 0.4 dB/mW. These data were
analyzed with a model of gain in fibers accounting
for energy confinement through pump and signal
mode spatial overlap. It shows that the observed
gain differences are largely due ta differences in
the tiber Index profites as opposed to differences
in doping levels. This suggests that the fiber gain
can be optimized by selecting the core size and
NA in a well-detined range. predicled theoretical-
ly and supported by gain measurements. As much
as a 2 -4 gain increase (and equivalent reduction in
the required pump power) over what we have ob-
served may be expected from careful fiber design.

(12 min)

MJ4  Effect of ion-lon Interactions on the life-
times of the 2000-nm laser levels of Er**

W. Q. SHI, J. MACHAN, M. BIRNBAUM, U. South-
ern California, Center for Laser Studies, Los Ange-
les, CA 90089-1112; M. BASS, U. Central Florida,
Orlando FL 327 16-000 1; M. KOKTA, Union Carbide
Corp ., Washougal, WA 98671.

The effects of lon-lon interactions in heavlty
doped Er:YAG, Er,Nd: YAG, and Er,Nd:YALO on the
litetimes of the */,,., and */11,, levels of Er** were
studied. In Er:YAG, the ‘I3, Iifetime first in-
creases with increasing concentration and then
decreases. The Increase can be attributed to radi-
ation trapping and the dacrease to concentration
quenching. In Nd(1%), Er{15%) YAG, the /,,,,
level litetime is halved, while the */,, , level life-
time suffers an approximately sixty-fold reduction,
but 1,5, > 14,5, However, study of 8 YALO
crystal (1% Nd, 15% Er) disclosed a .. ,/r 14,
ratio of = 1.7, Indicating the feasibility of four-level
laser operation lon-lon interaction coefficiants
were obtained from an analysis using the rate

——
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equation mode! Laser operation at 2500 nm with
Nd.Er:YAG, and Nd.Er:YALO is presented.
(12 min)

MJ5 Semiconductor laser theory with many-
body effects

STEPHAN W KOCH, HARTMUT HAUG, MURRAY
SARGENT Il U Arizona, Optical Sciences Center,
Tucson, AZ 85721

A theory of a semiconductor laser is developed
that includes the many-body effects due to Cou-
lomb interactions  The theory Is valid for both 3-D
bulk semiconductors as well as quasi-2-D quantum
well structures. We emphasize plasma density-
dependent band gap renormalization, broadening
due to intraband scattering, and electron-hole
Coulomb enhancement. The very short intraband
scattering relaxation time allows us to eliminate
the interband polarization adiabatically and to in-
troduce a hydrodynamic description of the intra-
band kinetics. From this general formulation a
diffusion equation for the carrier density is derived.
The resulting diffusion coefficient decreases with
carrier density and laser intensity due to the reduc-
tion of the electron drift. We use our theory in the
problem of laser gain, index, and side mode insta-
bilities. We show that near the laser operating
point, our many-body theory can be approximated
by a simple rate equation formalism However, in
contrast to the usual rate-equation theory, the
semiconductor rate constants are functions of
temperature, tuning, and carrier density (12 min)

MJ8 Nolse characteristics of nearly single-
mode semiconductor lasers

G. GRAY, RAJARSHI ROY, Georgia Institute of
Technology, School of Physics, Atlanta, GA
30332.

We have developed a computer model which
simulates the nonlinear Langevin equations for a
semiconductor [aser with one strong mode and one
small side mode. With this model we are able to
probe the laser dynamics over a wide range of
operating powers, from below threshold. when the
laser Is essentially a thermal noise generator. to
way above threshold. The model correctly repro-
duces the well-known intensity noise spectra and
mode partition effects. Wae further calculate noise
variances and intensity autocorrelation and cross-
correlation tunctions for both modes as welt as for
the totat power. and we compare these results to
linearized theorles. Finally, we calculate the laser
tield spectrum and investigate the effect of the side
mode on the laser linewidth. All the above proper-
ties are calculated for many ditferent values of the
mode suppression ratio. (12 min)

MJT Kinstics of gradual degradation in semi-
conductor lasers

YU L. KHAITAL, Technion -Israel institute of Tech-
nology. Haita 32000, Israel; JOSEPH SALZMAN,
Technion-lsrael Institute of Technology. Solid
State Institute, Haifa 32000, israel: R. BESERMAN,
Technion- Israel Institute of Technology, Depart-
ment of Electrical Engineering, Haifa, 32000, Isra-
el

Gradual degradation in semiconductor lasers is
caused by the creation and migration of point de-
fects which require jumping of atoms from their
initial position to disordered ones (with activation
energy £, of a few electron volts)  The injection of
a nonequilibrium electron hole plasma may in-
crease the probability of structural changes and
reduce their activation energy by 36 ~ £, ~ F,
through nonradiative recombination' (F. and F, are
the quasi-Fermi levels) Such enhancement is
possible only If the recombination is synchronized
with the atom jump event. and the released energy

SE is localized atound this atom  (n the present

model. such synchronization is wherent  the flyc-
tuating atom forms a transient pont defect ahich
behaves as a nonradiative recombunatinn <anter
litetwme Ar ~ 10 '* - 10 " s Fieacamnersa

trtapped at these centers leading ta synchronoud
release of locahzed eneigy £ Thws muget is
based on the kinetic many-ucdy theary of short-
tived large energy fluctuations of atoms ' The
laser degradation rate K is gwven by K = K,
exp| —{E, = AE VKT | with K and of erpressed in
terms of the laser parameters (carrier concentra-
tion. energy gap, detect concentiation. etc )y Cal-
cutated faser titetimes are in good agresiment with
experimental data (12 min)

1 J D Weeks. | C Tully. ang L C Kimerling,
Phys Rev B 12, 3286 (1375}

2 Yu L Khait, Phys Rep 99, 237 (1983)

3 Yu L Khaitand R Beserman, Phys Rev B 33,
2983 (1986)

MJ8 Degradation of mode discrimination in dis-
tributed teedback lasers due to spatial hole burn-
Ing

WILLIAM S RABINOVICH, B | FELOMAN, 113
Naval Research Laboratory, Laser Physics Branch,
Washington. DC 20375

Distributed teedback (DF B} lasers have become
ot increasing interest in tislds which require single
longitudinal mode (SLM) sources. This SLM be-
havior occurs because the threshold gain for a
longitudinal mode in a OFB laser increases as that
mode’s frequency moves away from the Bragg
frequency. We have derived coupled-mode equa-
tions for the above threshold behavior of homoge-
neously broadened DFB lasers. including the spa-
tial hole burning grating induced by the las
modes. These equations were numerically int
grated tor boundary conditions appropriate to a
variety of DFB structures. To study the mode
discrimination of the DF B laser, we allow one lon-
gitudinal mode to exceed threshold and induce a
spatial hole burning grating. We simuitaneously
solve for the threshold of a second longitudinal
mode in the presence of both this field-induced
grating and the externally induced grating. The
ratio of the threshold of this second longitudinal
mode to the average saturated line center gain
available in the laser is detined as the mode dis-
crimination. The higher the discrimination the
more likely the laser is to be SLM. Our analysis
shows that the mode discrimination of DFB fasers
with nonsaturable index coupling. such as semi-
conductor DF B lasers, is seriously degraded as the

*laser exceeds output powers a few times above
threshold. The same does not hold true for gain
coupled DFB lasers, Indicating that these types of
laser may be more suitable tor high output power
SLM applications. (12 min)

MJ9 Single-mode model of surface-emitting
DFB and D8R semiconductor lasers

THADDEUS G. DZIURA. S C. WANG, Lockheed
Palo Alto Research Laboratory, Palo Alto, CA
94304

The surtace-emitting semiconductor laser' 3 is
expected to he a key component in future opto-
electronic and optical signal processing applica-
tions  Several designs ate unvier devafopment
Including etectrically excited and photopumped ||
sers The requirement of a surface-emitting g
ometry imposes important constraints on la<er de-
sign, which must be considrred to actweve an
elficient emitter For evample, the method of
extracting the laser heam must acs ommodate that
part of the structure proviing slectnic abexaitation
Also, a model that calculates taser pinperties only




at threshold is clearly not adequate We have
devetoped a transfer equation modei of short cavi-
ty OFB ang DBR surtace-emitting tasers in which
the resonator 1s defined by multilayer guarter-
wavelength semiconductor structures providing
aistnibuted feedtack  These lasers naturally iend
themselves 10 a descriphion in which the forward
and backward waves are piopagated trom layer to
layer by a set of equations detailing the gamn and
loss due to the matenal and the feedback and
radhation loss due to the Bragg grating. We apply
this method to calculate power output, fongitudinal
maodes. and axial intensity profiles for several laser
types In particular. we show that the forward to
backward power ralio can depend on mode num-
ter as well as pumping levet (12 min)

1. M. Qgura, W Hsin. M C Wu, S Wang, J. R.
Whinnery, and S C Wang. Appi Phys Lett. §1,
1666 (1987)

2. F Koyama, K Tomomatsu, and K iga. in Tech-
nical Digest, Conterence on Lasers and Electro-
Optics {(Optical Society of America, Washihg-
ton, DC. 1988). paper WOS5.

3. Z L wau. J N Walpole, and V. Diadiuk, in

America. Washington, DC, 1988), paper WA1
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31 October 1988 MK
BALLROOM D

10:00 AM  Optical Communlcation
Paul Prucnal, Princeton University, Presider

MK1  Dstection of phase-modulated optical sig-
nais through two-wave mixing in photorefractive
malerlals

L. BOUTSIKARIS, FRED DAVIDSON, Johns Hop-
kins U, Electrical Engineering Department, Balti-
more, MD 21218

Two-wave mixing in photorefractive crystals
has been shown to combine coherently a modulat-
ed optical signal beam with a strong pump optical
field.! For a phase-modulated signal beam, the
induced index of refraction phase grating inside the
crystal yields a coupling ot the optical fields of the
pump and signal so that subsequent Intensity de-
tection results in apparent Intensity modulation of
the transmitted signal or pump beams. This pro-
vides an easy way to detect phase differences
between two optical beams. Some of the advan-
tages the above scheme offers over commonly
used coherent optical phase detection schemes
are: no loss of 3 dB in the signal beam intensity at
the 50/50 beam splitter (used to combine signal
and local oscillator fields); automatic alignment of
the index of refraction grating with the two incident
oplical wavefronts; insensitivity to siow random
changes in the phases of both beams. Experi-
mental results are given, and a new definition for
the resulting mixing gain for the phase-modulated
beam is introduced, through which optimal condi-
tions for input beam intensity ratios can be found.
Applications to coherent homodyne detection are
discussed {12 min)

1. F. Davidson, L. Boutsikaris, and M. Krainak,
_"Coherent Optical Detection Through Two-
Wave Mixing in Photorefractive Materials,” Opt.
Lett 13, 508 (1988).

AMOSA/MONDAY MORNING/45

MK2 Broadband communication system using a
standing wave acoustooptic moduiator

'

R.S TIAN, CHARLES S. IH, U Delaware, Electrical
Engineering Department. Newark, DE 19716.

Therse is great need for an all-service communi-
cation system by which broadband analog and high
speed digital information can be transmitted simui-
taneously and treety  Such a system can best be
implemented with frequency-division-multiplexing
(FOM). The effective bandwidth ot such a system
is in the muitigigahertz range. Because of the
enormous bandwidth, the optical fiber communica-
tion (OFC) system 1s a good candidate for such
applications. However, because of the serious
intermodutation problems, it is still ditficult to pro-
vide such services using OFC. A novel method,
now known as doubie-beam-modulation (DBM)
was suggested and demonstrated using a standing-
wave acoustooptic modulator (SWAOM) to 216
MHz. The DBM can be implemented in many
forms ' We describe the experiments of DBM
using SWAOQOM for frequencies beyond 1 GHz.
Theoretical analyses and comparisons of DBM
with conventional FDM systems are described.

{12 min)

1. C.S.Ih,R. G Hunsperger. J. J Kramer, R. Tian,
X. Wang, K. Kissa, and J. Butier, A Novel
Modulation System for Optical Communica-
tions,” Proc. Soc. Photo-Opt. Instrum. Eng. 876
(1988).

MK3 Novel Integrated-optics modulator for op-
tical communications

KARL KISSA, X. L. WANG, CHARLES S. IH, R. G.
HUNSPERGER, U. Delaware, Eilectrical Engineer-
ing Department, Newark, DE 197 16.

An integrated-optics standing-wave surface-
acoustic-wave modulator (SWSAWM) for optical
communications is being investigated. This novel
modulation method, which has been described pre-
viously,' was used 10 upconvert a color TV video
signal to TV channel 4 by generating a 70-MHz
subcarrier with a Ti-LiNbO; modulator. Prisms
were used to couple light in and out of the wave-
guide. A photodetector placed at one of the dif-
fracted beams received the upconverted signai.
An ordinary TV receiver recovered the original
video signai. Picture quality was good. The
phase of the acoustoopticaily generated subcarrier
could be changed by changing the phase relation-
ship between the rf signals driving the two inter-
digital transducers. The standing wave nature of
the modufator was also demonstrated by the fre-
quency dependence of the ditfracted optical pow-
or. Nonlinearities in surface acoustic wave gener-
ation and/or acoustooptic diffraction caused sub-
carrier distortion on high diffraction efficiencies.
This effect is being examined theoretically and
experimentally to determine its influence on sys-
tem performance. Subcarrier generation at high-
er frequencies (600 MHz and above) is also being
explored. (12 min)

1. C.S.h,R. G. Hunsperger, J. J. Kramer, R Tian,
X. Wang, K. Kissa, and J. Butier, "A Novel
Modulation System for Optical Communica-
tions,”” Proc. Soc. Photo-Opt. Instrum. Eng 876
(1988).

MK4  Use of edge iight emitting diodes In signal
coherence multiplexing

THEODORE L. HOUK, R. AARON FALK, RAYMOND
W HUGGINS, Boeing Co., P.O. Box 3999, Seattle,
WA 98124.2499.

An edge fight emitting diode (ELED) emission

spectrum is near Gaussian at 820-nm center wave-
tength with 33-nm FWHM, pronising a short coher-
ence length within the range of leasible titanium
indiffused lithium niobate (T1.LINDO ) integrated op-
tics unequal arm Mach-Zehnder interferometer
(IOM2) optical path differences Interterometric
ELED coherence measuremsnts were made in a
tited mirror Michelson interferometer. Fringes
were viewed with a near-iR video camera and
digital imaging frame store connected to a comput-
er This apparatus measured ail the guantities
needed 10 compute the coherence function (Born
and Woif), which fits a Gaussian tunction ot 6 4-um
standard deviation (SD) and peak value 0 78§ Wae
observed interference fringes in the output light ot
the second of two Michelson interferometers in
series whenever any two of the four possible opti-
cal path lengths were equal within 3 SDs. 20 um
These fringes are the reconstructed signal tor co-
herence multiplexing. Proton exchange applied to
one side of a symmetric Ti:LINbO, IOMZ can form
a 2000-um optical path difference via changes in
the substrate refractive index. From such MZs,
we propose to form coherence multiplexing sys-
tems of up to ten paraliel channels. ELED power
attenuated by system Y-junctions, background. and
detector noise imposes this channel imit.

{12 min)

MKS All-optical demultiplexing by frequency
upconversion

HONG LIN, JOHN STEPHEN SMITH, UC-Berksley,
Electrical Engineering & Computer Sciences,
Berkeley, CA 94720.

We propose the use of frequency upconversion
for time division demultiplexing. Suppose we re-
ceive an A-channel signal at frequency f1 and
make a local short-puise laser at frequency 2
have the same repetition rate as one of the chan-
nels. Mixing them properly in a nonlinear crystal,
we can upconvert only one channel to frequency
f3 =1 + f2. We can demultiplex N channels by
N such units. The frequency upconversion s a
very fast (femtosecond domain or 10ES GHz) and a
low noise process. We show that nearly 80%
conversion efficiency of 1.3-0 58 um can be ex-
pected for 50-W peak power puriping at 1.06 um
in a 3-mm long barium sodium niobate crystal '
The use of waveguide structure or high nontinear
organic materials may relax the pumping power
requirement substantially.

We discuss several techniques for increasing
efficiencies of the system and the possibility of
using semiconductor lasers as pumps. The prob-
lems of on-off ratio and crosstatk should not exist
with a properly shaped pulse In summary, we
show that the all-optical demultipler by frequency
upconvaersion is a very interesting device for a high
bit rate time-division-multiplexing optical commu-
nication system ? An experiment 1s under way in
our laboratory. (12 min)

1. F. Zernike and J. E. Midwinter, Appiied Noniin-
ear Optics (Wiley, New York, 1973)

2. R S. Tucker et al., in Photonic Switching, T. K
Gustafson and P W Smith, Eds. (Springer-Ver-
lag. Berlin, 1988). p. 206

MKS Free space optical pulse position modula-
tion communication with iaser diode transmilter
and avalanche photodiode receiver

X. SUN, FREDERIC DAVIOSON, Johns Hopkins U
Electrical Engineering Department. Balmore. MD
21218,

A direct detection optical communication sys-
tem for use in an intersatellite link was constructed
with an AlGaAs laser diode (Hitach-HLB3 14E. \ =
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Propagation of light in periodic structures with material dispersion:
General theory and application to the DFB surface-emitting laser
diode

Jean-Pierre Weber
Mutsuo Ogura *
Wei Hsin
S.C. Wang **
Shyh Wang

Deparment of Electrical Engineering and Computer Science
and Electronics Research Laboratory
University of California, Berkeley, CA 94720

ABSTRACT

We extend the Bloch wave calculation method to the case of a
periodic structure where the gain (loss) and the index of refraction depend
. on frequency. We establish a procedure to find the propagation constants
and the reflection and transmission coefficients for the Bloch waves in the
general case, which has not been treated previously. We then use the
results of this analysis to construct a model for a surface-emitting laser
diode (SELD)[2,3], which has a vertical distributed feedback structure.
This model considers the laser as an amplifier driven by spontaneous
emission to compute the emission spectrum. At the present time it is valid
only below threshold. We present experimental results and compare the
measured emission spectrum with the theoretical one. The reasons for the
discrepancies and possible improvements to the device and to the theory
are then discussed.

October 14, 1988

* Electrotechnical Laboratory (ETL), 1-1-4 Umezono, Sakura-mura Niihari-gun, Toaraki 305, Japan.
** Lockheed Missiles & Space Company, Palo Alto Research Lab, 3251 Hanover Street, Palo Alto, CA 94304,




Propagation of light in periodic structures with material dispersion:
General theory and application to the DFB surface-emitting laser
diode
Jean-Pierre Weber
Musuo Ogura *

Wei Hsin

S.C. Wang **
Shyh Wang

Department of Electrical Engineering and Computer Science
and Electronics Research Laboratory
University of California, Berkelev,CA 94720

I. Introduction

Propagation of waves in periodic structures has been studied extensively in the past
and a great number of methods has been used to solve the problem. (For a good sum-
mary and references on the subject, see the review paper by Elachi [1].) There are two
main types of such structures that are of practical interest for semiconductor laser diodes
(Fig.1): (a) periodic waveguides and (b) multilayers. The second case is encountered in
surface-emitting laser-diodes (SELD){2,3]. These are basically distributed feedback
(DFB) semiconductor lasers, with a vertical cavity and lateral p-n junction. The first
order grating is formed by alternating layers of GaAs and GaAlAs. This structure is very
advantageous for optoelectronic integration, since it does not need cleavage nor backside

etching to form a vertical cavity, as some other SELD’s require [4].

In most of the previous studies, the material characteristics of the periodic structures
were supposed to be constant across the band of frequency of interest. This is a good

approximation in usual edge-emitting distributed feedback (DFB) or distributed Bragg

* Electrotechnical Laboratory (ETL), 1-1-4 Umezono, Sakura-murs Niihari-gun, [baraki 305, Japan.

** Lockheed Missiles & Space Company, Paio Alto Research Lab, 3251 Hanover Sureet, Palo Alwo, CA 94304.




reflector (DBR) laser-dicdes. where we cre iookirg at bands that are 2 to 3 nm wide.
However. for SELD’s, because of the siroag ccurling coefficients required, the stop-band
has a width of 35 nm or mo=e in tke wavelength region of 850 to 9CC ar). When we
have such a large bandwid:h, material dispersion cannot be neglected anymore. The
index of refraction can change apprscianly, but the main effect is gain and loss variations
with frequency in the semiconduc:cr marerial. Also, because we have a multilayer where
only the GaAs is purmped, we have a simu.maneous index and gain gratng.

In this paper, we first give a summary of the modified eigenmode theory thart takes
these effects into account. We ilso consider briefly what happens when the periodic
structure does not have an even syvromstry anymore. ‘Most of the previous studies con-
sidered structures with even symmedy only.) Then, we check the results of eigenmode
thecry by solving exactly the two iayers case. Next, we derive the reflection and
transmission coefficients for the intertice between a periodic waveguide and a uniform
waveguide. Using these results, we are able to compute the total refiectivity of the DFB
structure used to fabricate the SELD, as a function of wavelength and we compare this
result with the measured reflectivity. We then summarize the experimental data of the
fabricated device. Next, we compute the theoretical emission spectrum (below thres-
hold) and compare it to the measured emission spectrum. The model used for this caicu-
lation considers the laser as an amplifier driven by spontaneous emission. Finally, we

discuss possible improvements to the theory and to the device.

We will use an extension of the eigenmode theory for periodic structures, as first
developed in [5]. A good exposition can be found in [6]). The advantage over coupled
mode theory (see for example [7]) is that we are really working with independent modes,
which makes, in our opinion, the boundary conditions much easier to express. (Although
this has been much disputed, see [8,9].) Another advantage is that it allows us to get
analytical formulas for the output spectrum of a DFB laser. This is not possible with q
coupled mode theory [10].

N




IL General Theory
The equation for the propagation of a scalar wave in a one-dimensional infinite
periodic medium is:
2 o
EEE (g BN EEA) =0 (1)

where E(z,t.\) =E(z.A)e™" is an electric field component (0= 21:%), g(z,)) is the gain (loss)

constant and B(z,\) is the propagation constant. Both g and B are periodic in z and
depend on A (the free space wavelength). (The dependence on A will not always be
explicit in the rest of this paper.) The usual assumption is that (g-jp) is an even periodic
function of z. Most of the review paper by Elachi [1] treats this case. Here, we will only
assume that g and P are periodic with the same period A, i.e., that we can write:

22N~ B =gM) - iBoM+ £ @MiBoh) expli20K2) )

q-—.
q=0

(where g, and B, are complex in general).

It is well known that the solutions of (1) are of the Floquet-Bloch type [11]:
E(z=A@) e *+B(2)e? 3)
where A(z) and B(z) are periodic functions of z and T is the propagation constant, which
is written as:
r=G-jK (4)

where G is the effective gain and K is the effective propagation constant. The usual
interpretation of (3) is to say that A(z) corresponds to a forward propagating mode and
B(z) corresponds to a backward propagating mode. We shall see below when this
interpretation is correct. When the Bragg condition is nearly satisfied (i.e., By close to
Kjg), the waves reflected at each interface add constructively and the refiectivity becomes

high. In a passive medium, this gives a band of frequency in which T has a big negative
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real part (as we will see Selow), which means that there is no propagation in that band.
Hence the name stop-band is usac, whick is simular to the forbidden band in semiconduc-

tors. The Bragg coaditicn at normai ircidence gives for Kg:

I =Ea= X
Fe= S =pr (5)

Since the band around Ky is ine one we are interested in, we will look at A(z) and B(2) in

that band. Because A(z) and B(z) correspond to independent solutions of (1), we can
treat them separately.

We start by expanding A(z) and B(z) in Fourisr series (which we can do since they
are periodic):

AGN=Ac+ S A exp(292) (6.2)

P—.
qe0

BzA)=8g+ ¥ By(A) exp(202) (6.b)

P—.
Q)

Then we substitute (2), (3) and (6) in (1) and by neglecting second order terms and équat-

ing terms having the same exponental factor , we get after some approximations [6]:

X,

AN =m1\o =s,(A) Ag M
i '
B, -m%-s—m Bo ®)

where:
5=Kg—BsV) St =Kp-K
K =Bt g K=P+igy 9)
(In equations (7), (8), (9) and in the following, p is a positive integer.) The quantities Ay

and B, represent Bragg-scattered waves from Ag and By respectively. Their amplitude

becomes significant only when f3 is near Kz. We can then neglect the other components,




so that (3) becomes:
E(z.A)=Aq[1+5,(A) exp(j2Kgz)] €72+ By [1 +s_(A) exp(=j2Kgz)] e T* (10)

Again, the usual interpretation is to say that the part in A, is a forward propagating mode
and the part in B is a backward propagating mode.

Let us notice that if (2) is an even function of z, we have: x,=x_ and s=s,=s_. In
general, we have Is.I=Is_| only if f(z)= g(z)-jB(z) is: (1) an even function of z (x,= x_),
(2) an odd function of z (x,=-x_), or (3) if f(2)= (g-iBy) +(g’-jB)h(z), with h(z) a real
periodic functon of z. This last case gives: x,= {g’-jp)c, and x_= (g’ 'J'ﬁ')cx: (where ¢, is
the pth Fourié.r coefficient of h(z) and c; indicates the complex conjugate of c;), i.e.:
Ik, /= Ix_l. The last case includes pure index modulation (g'=0) and pure gain modula-
tion (B’=0). We will have Ix,I#Ix_| (and thus Is,|#Is_I) only if g(z) and B(z) have dif-
ferent "profiles”, i.e., if f(z)= (g4-jBo)+ [g'h(2)-jB'P(2)] and p(z) is not proportional to h(z)
(both are real functions).

Looking at the scattering of A,; and B_, into A, and By, respectively, by the same
method as for (7) and (8), we get :

_j&

- =L
Ao Cooriourd T A b

_ —jm'
Bo= et ?

=;‘_—B_p (12)
Substituting (7) into (11), or (8) into (12), we can now obtain the characteristic equation
(which also defines P):

P2 =(GHje)’ = (go+i8)* + (13)
So that, by using (9) and (13) in (4):

T'=Grjb.r-jKp =P-iKp (14)
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The solutions of equation (13) in the case of even functions (x,=<_) are discussed
for example in [1],{6] and [8]. However, all these analysis assume either a pure index
meodulation or a pure gzin modaiatiori and no material dispersion (i.c., the refractive
index and the gain are independent of frequency}. This assumptior is usually valid
because conventional edge-emitting DFB laser-diodes have stop-bands that are 2 to 3 nm
wide, so that index and gain (loss) variations can be neglected. But in the case of our
DFB-SELD stucture [3]. the stop-band is of the order of 35 nm and gain variations can-
not be neglected anymore, especially when the gain changes from: negative to posiﬁve in
the stop-band, as we will see beiow. Also, in the case of our SELD, we have index and
gain modulation at the same time (since it is forined by alternating layers of GaAs and

GaAlAs and gain exists only in the GaAs: see reference [2] for details).

Looking at (13}, one question comes up: Which root do we choose for P? One of
these roots corresponds to the correct assignement of the forward propagating mode to
A(z) and the other root makes A(z) the backward propagating mode. This is an impor-
tant question since the proper definition of the reflection and transmission coefficients
depends on the correct assignement of forward and backward propagation to the modes.
In the previous analysis [6.8], P was chosen Such that G had the same sign as g, or,
equivalently, such that 8.4 had the same sign as 8. But this doesn’t work in the general
case and we have to find another wa.y to decide which root defines the forward propagat-

ing mode as:
E(z)=Aq (1 +s.exp(j2Kgz)) e (15)

Intuitively, we see that in the stop band K=Kjg (and 8.4 =0), so that the direction of
the net power flow can be found by comparing the intensities of the two components
(incident and backscattered) in each mode. Looking at (15), it is obvious that the direc-

tion is reversed when is,! becomes greater than one.
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More rigourously, if (15) is the only non-zero electric field component, dividing the
average power flow per unit area by the average energy density, we obtain the energy

velocity [6]:

¢ K-1s,1%(2Kz-K)
Bo 1+1s,12

(16)

VE=

where Bo=nwVoeg, N being the average effective index and c is the speed of light. So, if
(15) really represents a forward wave, vg has to be positive. From (16), we get then the

condition:

1+|Sa|2 KB KB S,ﬁ
2—= =1+ =1 17
215,12 K K-y Kg 1"

since in general 5.4« Kg. And this gives us:
Is,1g1 (18.a)
And similarly, for the term in B to be the backward propagating wave, we need to have:
Is_i <1 (18.b)

If we consider only the cases when s, I=ls_|, there is no contradiction between (18.a)
and (18.b). There is then always a forward propagating mode and a backward propagat-
ing mode. But if we look at the general case, it is possible to have, for example (18.a)
being satisfied while (18.b) is not satisfied. To see more clearly what happens, let us

define: P\=G+jd ¢ and P;=—G—-jS.r. Then, looking at (7),(8),(11) and (12}, we sec that:

1
(S+)P.° (S-)P,
(S p,= — (19)
' (sdp,

where the indices P, and P, mean that the coefficient is computed using that value for P.

Thus, when Is, 1=Is_I=lisl, we have:

'sle= T

R —
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This shows that in this case, the choice of the root is unambiguous. Indeed, if Py gives a
sl greater than one, P~ will give Is! smaller than one and vice versa. Looking at the physi-
cal interpretation of s, and s_ from (7) and (8), we see thet (18) simply says that the scat-
tered wave amplitude cannot he bigger than the incident wave amplitude, as w2 fourd
intuitively above.

But in the general case, if !x,! is different from Ix_|, we will have s, i different
from Is_| and in a certzin frequency range, we could have for example Is.I>1 and
is_1<1. Equations {19) then show that this would be true for both roots of (13). If this is
not an effect of the approximations used, and there is no reason to believe that it is, what
does this mean? From the discussion above about the direction of the energy flow, the
interpretation of this result is that both mode have a net energy flow in the same direc-
tion (in this case, backward)! This does not mean that there is no energy going in the for-
ward direction, but only that there is more energy going backwards, i.e. that the reflected
wave is greater than the incident wave for one of the modes. This is possible since this is

an active structure.

The simplest structure that would exhibit this behavior is a three layers periodic
structure, for example: GaAs/Ga,_Al,As/ Ga;_yAl,As, with x#y and current injection to
have gain in the GaAs layer only. This is because in this case g(z) and B(z) would have a
different "profile”. We applied the theory to that three layers structure and for some gain
curves, we obtained the phenomenon mentioned above, i.e.: in both modes the net energy
flow is in the same direction. We used these results to compute the reflecdvity and
transmittivity of a finite multilayer structure {12]. We then used a transmission matrix
method similar to the one developed in [13] to check the reflectivity and transmittivity
obtained with the eigenmode theory.The agreement of the eigenmode theory with the

exact results was very good.




I1I. Two layers periodic structure

The case of the two layers periodic structure is interesting for several reasons. First,
it is the basic structure of our surface-emitting laser-diode (SELD) [2,3], which we will
analyze below. It is also a very common case in applications such as dielectric mirrors.
Second. we can get exact analytical solutions without too much difficulty and this will
allow us to compare them with those of the approximate theory of section II (which we

will call eigenmode theory).
The structure used for the calculation is shown in figure 2. The gain and propaga-
tion constants in one period are given by:

) g =B =(A) if-2;<z<0
BN -BEN={ g0)- B =Ty)  if0<z<z, (20)

. . z
and z;+2z; = A, the period of the structure. Let us notice that if we put the origin at z=-71,.

the function (g(z)-jB(z)) is even in z. However, to simplify the calculations, we will use
the coordihatc system of figure 2 and correct later when necessary. We will suppose that
we have a plane wave propagating in the direction normal to the plane of the layers, with
a linear polarization in the y direction, so that equation (1) is the equation for the y com-

ponent of the electric field.

Several equivalent methods can be used to solve equation (1) in this case. We will
outline the one using solutions of the Floquet-Bloch type, i.¢.: we start with equation (3).
(Another method is used in [14].) Since A(z) and B(z) correspond to two independent
solutions, we can work with them independently of one another. We will work out the
solutions for A(z), and B(z) can be obtained simply by replacing I'" by -I" everywhere.

So, we substitute (3) in (1) and we get, for A(z):

2
%?A+2I‘%+(I‘z-(g(z)- BE@YHA=0

Which gives us, with (g(z)~jf(z)) defined in (20):
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C AL exp(Y.2)+ Al exp(Y.z) if-z;<z<0

A(2) =t Aexp(Ysz)+Ajexpii;2) if0<z<yz, @

where:

Ya=-T+I  fa=-T+
Ya=-T-T, 1Y,=-T-I;

and A(z) is a periodic function of z with period A=z;+ z;,. Using the continuity of the
tangential components of the electric and magnetic fields at 2=0 and between z=-z, and

z=12, (since A(z) is periodic), we get after some algebra:

14 . r r
,1 1] Ay =]r1 L] 1A, 22.2)
kl‘l -I‘IJ LA.l {er —rz A—Z )
and:
- v f -
erA e Tz el"m A+| ] erzlc e Tz A+2] 2 b)
e el A el e A—z) -
Eliminating A,, and A_,, we get:
-A B A+l\ rA-o»l
[C D [A_,J Bk | A (23)
where p=e' and:
(1, I, i
A=el™ 1 =Le2 sinh(l";zz)+cosh(l‘22,)!
2 . rz rlJ y
r 9
=alt® l(ﬂ_& i
B=e le T, I'xJ sinh(T'327)
_rz.- X r rl rl .
C=e™' -2-!—-2-—?1— sinh(T"3z5)
- .
[.fr
D=e T 1] L2 sinh(T5z,) + cosh(T'3z,)
2|L,T

Which gives for the eigenvalue y:
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—eta_ T 12_ 2
p=e _21[(2) IJ (24)

where T is the trace of the matrix and is given by:

r, T
T=2¢cosh(T";z,)cosh(Tyzy) + [ —I_—‘+—riJ sinh(T"yz;)sinh(T"3z;)
2 I

In the case of no loss and no gain, this reduces to the result obtained in [14]. Let us
notice that the matrix in (23) is unimodular since AD-BC=1. This also means that the

two eigenvalues g, and y, will be inverse of one another:

rA
_1 m=¢
By = and {P-z=°_m (25)

We can check that (24) satisfies this condition. This relation was expected for symmetry
reasons: One eigenvalue corresponds to the forward mode and the other one to the back-
ward mode. But here again, we have the same problem as we had for the approximate

solution: Which one is the forward mode and which one is the backward mode? Since

we have only e, T is determined only up to a term of the form (2m %) (where m is an

integer). This means that ('t jZm%) is also a solution of (25), for all m. The two possi-

ble solutions for a forward wave are obtained by choosing m such that the wave vector
has a value close to Kz. We get then:
I'=G+j8,ﬂ—jKB from Hy (263)
T'= —G—JS,;;—JKB from Ha (26b)
And we use the same notation as in section II. We see that this is totally equivalent to the
choice of the root of equation (13).

Hence, we will use the same criterion as in section II: the direction of the net power
flow. To do that, we first have to compute the eigenvectors corresponding to the eigen-

values. We start by rewriting (21) as:
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Aﬂ (exp(Y,2)+s; exp(y-4z)) if =z;<z<0
AZ)= 1 AL (s3exp(Y,22) +34exp(¥oz)) ifO0<z<zy

27)
Then, from (23), we get:

= = = 28
51 A, B —uD (23)

And, with (22.a):

Ag 1
S3= A, T T+ T-T)
s Az ——(r Ty (To+)) 29
4" Aq.] zrz 1 1na2 1
A, s
Notice that if we define: s,= 2=2 we get:
2 93
Sl+a ith: rz-rl
2= 1+as, with: - a= 1"24-1‘,

This is a biiinear transformation in the complex plane, and if a0 (i.e.: I';2I;), it maps the
disk Is;i<1 onto another disk, but with a part that has Is;1>1. We can thus not rely on s;

or s, alone to get the direction of the power flow, in the way we looked at s in section II.

To find the direction of the power flow, we will look at the Poynting vector’s direc-
tion. But, because we have gain and/or loss in the structure, the Poynting vector is rot
constant along z. Therefore, we will take an average over one spatial period (of the time
averaged vector):

S>= T j —Re@xﬂ )dz (30)

l|

where we take: E,=A(z)exp(l'z) and A(z) is defined in (27). An explicit formula is
derived in Appendix A and it shows that the only non-zero component of the Poynting
vector is <S,>. The ‘~n of <§,> will then give us the direction of the power flow: posi- q

tive means forward propagation and negative means backward propagation.

e
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Another way to find the direction of the power flow is to find the s coefficient
" defined in section I. To find s, we compute the first two coefficients of the Fourier series

expansion of A(z) and get s as their rado. We can then look at Isl as in section II. How-
. . . 2
ever, we have to be careful about one thing: the point of even symmertry is at == and

that is where we have to put the origin when we compute s. If we do not do that, we will
have a phase difference between the s coefficient computed here and the one defined in

section II. Also, we would not have s,=s_=s. Taking that into account, we get :

) r L L
s=e7%| [A'(2)dz/ [ AR)dz 31)

~% ]

where the exponential factor is due to the change of origin, A(z) is given by (27) and

A’(z) also, but with the v, replaced by vy’ (i=1,2):

Ve =Ys—j2Kp
Explicitely:
n “Yazi “ata Yoata_ Y-aZa_
-2 Y+ Y-1 Ye2 ¥-2

And the same for A’(z), but with the v,;".

A comparison of the results obtained with Isi<1 and with the average of the Poynting

vector on the examples of the next section shows only negligible differences.

IV. Examples and discussion

To illustrate the theor outlined above, we will use the two-layer structure of our
surface-emitting laser-diode {2]. The layer structure is shown in figure 2 and the parame-
ters are given in table 1. Basically, we have alternating layers of GaAs and Gag7Alg3As.
The thickness of each layer is chosen to be Ay/4n;, where Aq is the wavelength at which

we want maximum reflectivity and n; is the index of refraction of the layer (at Ag). The
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GaAs layer will be layer nur. r 1 and the GaAlAs layer will be layer number 2. The
loss in the GaAlAs layer is taken as independent of frequency and equal to 10 cm™
{intensity loss). The gain in the GaAs layer depends on the carrier density. A semi-
empirical model (based on absorpticn curves in [15]) was developed to get anaiytical
expressions for the gzin as a function of carrier censity, temperature and wavelengh.
Figure 3 shows typical gain curves for three different carrier densities at 300 K. These

will be used iater in the examples.

Notice that the coupling constan: for our sructure (k= 4500 cm™) is two orgers of
magnitude larger than for edge-emitting semiconductor DFB lasers. Also. since only the
Gaas layer will be pumped, we have not only a periodic variadon of the index of refrac-

tion, but also of the gain constant. This structure has even symmetry and thus s=s,=s_.

Figure 4 shows the effect on G and & of the introduction of gain and then gain
modulation in this structure. In fig. 4(a), there is no loss or gain and we see that G is zero
everywhere, except in the stop-band, where it is negative (indicating total reflection, not
absorption). In fig. 4(b), a constant (independent of frequency and of z) gain of 2000
cn™! is introduced in the structure. And in fig. 4(c), the periodicity of the gain is taken
into account (i.e.: we have gain only in the GaAs layer, but with the same average gain).

We see that the effect of gain periodicity cannot be ignored.

Figure 5 shows G and & for different carrier densities. In this case, the gain is not
constant but depends on the wavelength. The intensity gain in the GaAs layers used for
these examples is shown in figure 3. These calculations were done using the approximate
(eigenmode) method of section II and the exact method of section IIl. The results of the
ra0o methods for G and 8.4 are undistinguishable at the scale of this figure. The most
surprising feature of these results is the sudden jump of G from a negative to a positive
value when N=1.0x10"%m"? (fig. 5(b)). Notice that this jump occurs at the wavelength

where the average gain (g5) changes from negative to positive.
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But this is not as surprising as it seems. If we look again at fig. 4(a) and 4(b), we
see that when the gain is changed from negative to positive, G (in the stop-band) changes
from a large negative value to a large positive value without going to zero. What hap-
pens here, in fig. 5(b), is that the gain changes sign in the stop-band and thus G changes
sign also. Mathematically, Is| becomes greater than one and thus we have to switch to the
other solution of (24) (or equivalently of (13)), which implies a sign change of G. Figure
6 shows a plot of Isl as a function of wavelength for the two possible solutions ((26.a) and
(26.b)). Since Isi>1 means that the direction of the power flow is reversed, we see that
the eigenmodes exchange their roles at the point where Isl=1: The mode that was pro-
pagating in the forward direction now becomes the backward propégaring mode and

vice-versa.

Physically, as we can see from (16), the velocity of energy propagation is very small
in the stop-band (Isl is close to one), because of the multiple reflections. Thus a small
loss or a small gain will be amplified a lot by the multiple reflections. In fact, we have
[6]:

(v 33
G—gotg (33)

where v is the velocity of light in the medium (without the periodicity) and vg is the
energy velocity defined in (16). But this jump is only a mathematical artifact due to the
method used here. The rate of change of the energy density (which is equal to gov= Gvg,
see {6]) is a continuous function of wavelength. If we compute the reflectivity or
transmitivity of a finite multdlayer with these formulas, we get a perfectly continuous
curve (as we will see beiow).

Figures 5 and 6 also show that for N= 0.2x10"®%cm™ and N= 2.0x10'¥cm™, this
phenomenon does not occur. For N= 0.2x10'%cm™3, the gain is always negative and we
don’t have any problem. For N= 2.0x10'%m™3, the sign change of the gain (g,) occurs

outside of the stop-band and we see that G changes sign also, but without any




discondnu:ty. Figures 5(z) and 4(¢) show that. for these cases, there is no exchange of
roles tetweer e two modss.

In fgure 7, we corupare the rezl and -maginary part of s, as computed by the
approximate method (eq.c7:) ind by the exact method (eq.(31)). We see that the differ-
erce 15 small and that for N= 1.9 x1('%™?, the discontinuity occurs at exactly the same
waveleagth. From this and the {fact that trat G and S are correct within a few percents
with ke approximaie method, we can corclude that the approximate method is a good
apprcximation. We are interested in the s cosfticient because it will be used in the next

secticn tc compute reflection coerficients and the emission spectrum of our DFB-SELD.

Y. Reflection and transmission coefficients

We saw abcove that for a periodic one-d'mensional medium with even symmetry, a

gocd approximation of the electric field is given by:

E(2)= Ag( 175"+ Bo(1+sp)e . (34.)
whers A, and B, are the amplitude coefficients for the forward and backward propagating
modes respectively and:

s¢=sexp(j2Kgz)
sp =S exp(~j2Kgz) (34.)
T, Kg and s have been defined in equations (4), (5) and (7), respectively.

From these definitions, we can immediately find the forward propagation factor

from z, to z; (with z,<z,)(6], that is the factor D; such that E(z,)=D; E(z,) :

1+sexp(j2Kgpz 1+
D= PU2Kez) It n (35.2)
1 +sexp(j2Kpz,) 1+sq

where L=2,-2,. Similarly, for the backward propagating factor D, (from z, to z,), such
that E(z,)=D\E(z-), we get:

l#sexp(-JZKle) n_ 1+Sp1
1 +sexp(=j2Kgzy) ¢ 145y, ¢

(35.b)

—
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Cne important point when using these formulas is that the origin of the z axis has to be at
a point of even symmetry. Otherwise, we would have made a mistake because the s
coefficient for the forward and backward modes would have a different phase (see the

definitions (7) and (8)).

A. One interface

Let us now look at what happens at the interface between a periodic region and a
uniform region (Fig.8). Expression (34) for the electric field in a periodic region is only
an approximation, but, as we saw above, it is a good approximation. We will thus sup-
pose in the rest of this paper that the electric field in a periodic region is of the form

given by (34). In the uniform region, the electric field will be given by:
E“(Z) =A’ oe"T o(z-21) +B' oelT-(D"zt) (36)

where T, is the complex propagation constant in the uniform region and A’y and B’, are
the amplitudes of the forward and backward propagating modes respectively. z, is the
position of the interface, which we can subtract from z in (36) to simplify the calcula-

tions, since, for a uniform region, the choice of the origin is arbitrary.

Figure 8 shows the meaning of the different reflection and transmission coefficients
we are going to compute. To find these coefficients, we express the continuity of the

tangential electric and magnetic fields at z=z, and we get:

(1+5)Age ™ +(1+55)Be T *= Ao+ B,

) o 37
(1= DKpAGE™ + (1 -5, )KgBot™ ™ =B A" + BB G7

where the index 1 for s; and sp indicates that they are computed at z=z, and where we
used '=Kg (we are working near the Bragg wavelength) and T,=B,. Now, to find, for
example, R;, we have to take the ratio of the backward and forward propagating electric
fields at the interface in the periodic region:

_ Epma(@) _ Bo(1+sp)e™™

= = 38
Eptorw(Z)  Ag(1+sp)e™ S

R,

—
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when there is no mode incident from the right (B’;=0). We solve then (37) to find By/A

and i)lug the result in (38). The other coefficients are found in a similar way. We get:

=8¢ 1+SH Sp1 =T
T olersy, l+sg 27 1=rsy
T = (1m0 Ty= (Jm 2t (39)
= T - N =(]-r
! )(I-rsbl)(l+s51) 2 1=rsy;
where r is the reflection coefficient due to the change in propagation constant:
K- -
r= B Bu =— n, (40)
K8+ﬁu n+n,

where 71 i5 the effective index of reracton in the periodic region at the Bragg wavelength
(A=Kpg/ko and ko=21/A). and n, is the index of refraction of the uniform regicn at the

same wavelength.

We see that in the limit of no periodicity (s going to zero), we recover the usual
expressions for the reflection and transmission coefficients. And in the limit r going to
zero, we get the same results as in [6]. Now, if the periodic region is on the right instead
of on the left as in figure 8, we just have to exchange s; with s,, R; with R; and T, with T,
in (39) to get the formuias for this case. If we call R, the new R, we obtain in this way,

R, the new R, and so on and if we replace z, by z’;, we find:

_ sg-r _ r-s'vy 1+s'p
3= l—lJS'a 4 l—lJS'ﬂ 1+$’b2
l+S'Q I—S’&S'a
Ty=(1-1)——r Ty4=(1+ 4
3 ( )l"{s,ﬂ 4 (1 {)(1-(8,}2)(14'5’[,2) ( 1)

B. Phase shifter

In the following, we will also need expressions for global reflection (R’, R”) and
wansmission (T', T”) coefficients of a phase shifter. By phase shifter, we mean, in this

paper, a uniform region between two periodic regions (see figure 9). The R;’s and T;'s
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(i=1,2,3,4) are the coefficients given by (39) and (41). Notice that we are using two dif-
ferent coordinate systers. This is necessary hecause, as mentioned sarlier, we have to
put the origin at a point of even symmetry in a periodic region. But, in general, it is
impossible to have the origin (cr its translation by a multiple of the period A) at a point of
even svmmetry in the two periodic regions at the same time. Hence the use of z for the

left region and z’ for the right region.

The propagation factor for a uniform section of lenght L, and with propagation con-

stant [ =B, +j g, is:
P, =exp(~jT,Ly) (42)
We will suppose here that the reflection coefficient r is equal to zero (i.e., i=n,, which is

approximately the case in our laser structure). We get then, using the method of multiple

reflections:

P2 m—Sq 1+5
Rz 0 122 f‘ b1 @3.2)
1=Plsys’p 1+sn

P,(1- 1+¢ '
Te u(l=Sp1Sp1) 1+5'n (43.0)

- 1 —PquMS'Q 1+ S£1
"_ Puzsbl"s'bz 1+S'Q (43 C)
1-P2sy,S’p 1+5'w2 .
, P,(1-5ps 1+5
e (1 -5'ns"w) bl (@3.d)

1 -P“ZSMS'Q 145y,

The prime on the s indicates that the s coefficient for the right region can be different

from the one for the left region.

VI. Reflectivity

Figure 10 and table 1 show the layer structure used for our surface emitting laser
diode (SELD). From the top, we have 20 pairs of layers, consisting of one GaAs layer

and one GaAlAs layer (each layer is one quarter of a wavelength thick), then we have a
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quarter-wavelength GaAs layer acting as phase-stifter and finally 60 more pairs of
GaAs/GaAlAs above the GaAs substrate (see [2,3]). This structure was chosen because
it allows lasing in the middle of the stop-band [1€], and :hereby avoids the degeneracy
protlerr of usual DFB lasers. The number of pairs at the top is smalier so that most of
the power ourput is through the surface and not in the substrate. The structure was grown
by metallo-organic chemical vapor deposition (MOCVD) for the devices we will present
here, but'we have also several wafers grown by molecular beam epitaxy (MBE).

In this calculation, we will consider only plane waves at normal incidence, coming
from the air. Figure 11 shows the model used o compute the reflectivity. L, is the
lergth of the 20 pawrs section, L, is the length cf he phase shifter and L; is the length of
the 50 pairs secdorn. The R;’s and the T,’s we need are given by the formulas derived in

the previous section and are summarized in Appendix B.

Using the method of multiple refiections, we find the total power reflectivity to be

given by:
Rp= IRy!? (44.a)
and
Ry 4 TILRESPY (44.5)

1—R4RsP3P,

where the P;’s are propagation factors of the type given by (35) (D¢ and Dy) and R is an
effective reflection coefficient for the phase-shifter and everything that is to its right (in
fig. 11). If we look at the formulas we obtained, we see that a lot of factors of the form
(1+s¢) or {1+sy,) can be cancelled out. This can be done by omitting the factors between

square brackets in Appendix B.

Before we can compute the power reflectivity of our structure, we need to define

two more charactenistics: the index of refraction and the absorption as functions of
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wavelength. We will assume that the index of refraction is constant and that the absorp-
tion coefficient in the GaAlAs layer is constant and equal to 10 cm™ (intensity

coefficient). For the GaAs layer, we will use:

r

! -1
a<E>=l%+-;-] fem™)

B=exp(4.85E +1.9552)

v=exp(118.84E — 159.9106) @3)

where E is the photon energy in eV. This formula was obtained by fitting to a measured

absorption curve for small p-tvpe doping given in [15].

Now we can compute the power reflectivity of our structure. Figure 12(a) gives the
result of the calculation for the structure as defined by figure 10 and Table 1. In Figure
12(b), we see a typical experimental result. The measurements were made using a
Perkin-Elmer Lambda 9 spectrometer with the Absolute Reflectance Accessory. In this
apparatus, the beam normally reflects twice from the sample at two different positions,
with an angle of 8 degrees. Because of the small size of the sample and of its non-
uniformity, an aluminium mirror was substituted at the second reflection point. We did a
first measurement with the sample, then replaced it with an aluminium reference mirror.
This allowed us to compute - the absolute reflectivity, knowing the reflectivity of the
aluminium. The fact that we were not at normal incidence (but 8 degrees off) slightly
increases the apparent thickness of the layers (less than 1%), but can otherwise be

neglected.

We can see that the experimental result is similar to the theoretical result of fig.
12(a), but that there are some differences also. The main difference is the double dip in
the middle of the stop-band for the experimental result. This can be explained by looking
at what ﬁappcns when the thickness of each layer changes by one lattice constant (a=5.65
Angsmoms). This gives us a change of tickness of about 0.9 %, which, for an original

Bragg wavelength of 890 nm (in vacuum), corresponds to a change of about 8 nm. This
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corresponds approximativzly to the spacing of the twe dips. What happens is that the
grown structure is not uniform across the wafer and the spot size for the reflecuvity
measurement is several millimeters. The measured reflectivity is thus an average of two

different thicanesses.

We varied the parameters slightly to try to reproduce the experimen:al curve. Qur
best result is the theoretical curve in Fig. 12(b) (but it is not an optimal fit). It was
obtained by a weighted average betwesn z Bragg wavelength (Ag) of 889 nm (70 %) and
a Ay= 897 nm (30 %), with the thickness of the top GaAs layer (the one in contact with
air) reduced to 37 nm (instead of 67 nm). (This reduction in thickness could happen Jur-
ing wafer processing and handi‘ng.)

We did not try to improve the agreement between theory and experiment because it
depends on too many unknown parameters, such as the exact dependence of the loss on
wavelength, and because the theory uscd.hcrc is only an approximation. We also
neglected the variation cf the index of refraction with wavelength. However, we get
correcily the main characteristcs of the curves and this gives us confidence for applying

the theory to the calculation of the emission spectrum of the SELD (in section VTIII).

VIIL. The surface-emitting laser diode

As described previously in [2] and [3], the surface emitting laser diodes (SELD) are
fabricated by starting from wafers having the layer structure described above (Fig. 10 and
Table 1). Mesas with dimensions ranging from 2 x 8 to 3 x 17 um? at the top surface are
formed by wet etching. Then a n-type GaggAlg 4As cladding layer is grown around the
mesas by selective liquid phase epitaxy (LPE). Finally, a lateral pn junction is formed by
selective zinc diffusion through an opening in a silicon nitride film, at a distance of 3 t0 4
um away from the edge of the mesa. Figure 13(a) shows the structure of the laser and
Fig. 13(b) is a scanning electron microscope (SEM) picture of a laser. The zinc diffusion

region is brigther in this picture. The total thickness of the structure is about 10 um.
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Since the GaAs/GaAlAs multlayer is completely surrounded by GaAlAs, carrier
" confinement in this structure should be comparable with that of buried heterostructures.
Carriers are injected predominantly in the GaAs layers and therefore we will assume in
the model that only the GaAs layers are pumped. There is however the possibility of

current leakage around the mesa. We believe this happens at high currents.

Figure 14 shows the light output versus dc current characteristics (L-I curve) of a
SELD at room temperature. We get what looks like typical threshold currents in the
range from 2 to 10 mA and differendal quanwum efficiencies from 0.3 % to 1.36 %.
Powers of 0.5 mW for a current of 50 mA have been observed for CW operation at room
temperature. More recently, we obtained quantum efficiencies up to S % for some dev-
' ices. Unfortunately, they were accidentely destroyed before their spectrum could be

measured.

Observation of the near-field pattern shows [2,3] that the light-emitting region is
confined within the rectangular top surface of the multilayer (at least when the current is
not too high). The far-field pattern is circular [2,3] and its beam divergence angle, for a
current of 20 mA, is 7 to 8 degrees. However the circular emission pattern is surprising
for a device with a rectangular emission surface. The 7 to 8 degrees angle corresponds
roughly to a width of about 3 um for the rectangular opening, but the length of about 15
pm should give a much narrower beam in that direction (about 3 degrees), if it were a
diffraction limited beam. Obviously, the beam is not diffraction limited in that direction.
A reason for that could be that there is no coherence between points more than 3 pm
apart.

Figure 15 shows the spectrum of the SELD at different currents, for CW operation
at room temperature. We see that there is a sharp emission line at 884 nm which
becomes obvious for a drive current of 1.6 mA. This is consistent with the L-I curve,
which shows what looks like a 2 mA threshold current. The half-width is rather large

(1.5 to 3 nm) compared to conventional edge-emitting laser diodes. The total width of
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the emission spectrum is also large (about 50 nm), ccmpared to edge-emitting lasers.

In view of these results, one might ask whether these devices are really lasing? We
think they are. There may be several reasons for e low quantum efficiency: leakage
current around the mesa, non-radiative recomtinator at interfacial defects if the L2E
was not very good and a dig spcntansous emission component. We explain below how
the shape of the mesa can lead to a lot of parasitic spontaneous emission which lower the

quantum efficiency and can also affect the spectrum.

VIII. Emission spectrum of the SELD

In this section, we develop a modei (figure 16) to reproduce and sxplain the emis-
sion spectrum, at lezst below threshold It is very similar to the one used o compute the
reflectivity and we make the same assumptions, except that we will now have gain-in the
pumped section (which is taken as being the zinc diffused region). In additon, we
assume that this pumped section has a uniform carrier density (in the GaAs part of the
layers) and that the unpumped regicn is uniform and lossy. These assumptiens are rough
approximations, but they allow us 2 relatively easy calculation using what we did in the

previous sections.

The reflection and transmission coefficients are given in Appendix B. E,, E, and E,,
E, are the electric fields amplitudes of the forward and backward propagating modes
respectively, at the two interfaces of the phase shifter region (L,). E. is the amplitude of
the electric field of the light output. The S;’s are the equivalent sources for the electric
fields at the interfaces due to the spontaneous emission in sections L, and L, (we neglect

the spontaneous emission in the phase shifter).

If we express the electric fields as functions of one another and of the S;’s, we get

the following system of equations:

E;=R,P\P:E;+R,P,S,+S,

E;=R;E, +TE;s

E;=RsP;PE(+RsPS¢+S; (46)
E,=R.E;+T;E,

E.e=T, B E, +T23,
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If we eliminate the E;’s, we find:
N N Ty T,
Eou= (R;‘TZPIPZB +TPS +(T 2P23)Sz + (szzs )S3+ (R5T2P2P43)54 47)

where:

N= R3 + R5P3P4(T3T4 -R3R,)
D=(1-R;R3P;P)(1-R¢RsP3Py) - R,RsT3T P PoP3Py

But what we are interested in is the output power. To convert the relation (47) between
the electric fields to a relation between the power in the modes, we have to remember

that the S;’s are really of the form given by (34), i.e.:
S;=S;o( 145 e+ 2jKpzy)) e »
while we have:

‘j'zi(z‘ll)
Euf2)=Ege  * and Egy=E,;(z))=E

Then, with the same cancellations of factors as for the refiectivities, we get:

T
|Egy 2= |R2T2P,P2% +T,1218,01%+ ITsz%Iz 1Sy01 %+ ITZPZE‘IZ 1S3012
T4 2 2 : 2
=l

where we have taken into account the fact that the S,’s are not coherent with one another.
This formula is valid with the reflection and transmission coefficients as given in Appen-
dix B when we omit the factors between square brackets. Now, by computing the Poynt-

ing vector for a field of the type of (34), we find a relaton between the power density P

and 1S;p! %
p= 7(;’-@[1(-1 $1%2Kg-K)] 1S 12
And for the output power:
D=2 (B 12
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This gives us then the ouput power spectral density:

Ko '$c 49)
K-151%2KgK) | & %)

Pout=

where the C;’s were aefined in (48) and the p;’s (defined below) are the spectral power

densites due to the spontaneous emission.

We see immediatly from (48) and (49) that we will have lasing when D=0. This
condition will give us the wavelengths of the modes and the corresponding gain thres-
holds. (Do not forget that the reflection and trarsmission coefficients are wavelength

dependent and that the propagation factors depend on the wavelength and on the gain.)

If we solve the equation D=0, we get several solutions, each one corresponding to a
mode. If we use Ag= 890 nm and a phase shifter thickness reduced to 0.4 A (instead of
0.5 A), we will see below that we get the best specttum adjustment. This gives us a mode
at 884 nm with a threshold intensity gain of about 44 cm™' (for the material gain of
GaAs). With the model for the gain developed below, this corresponds, at that
wavelength to a threshold carrier density of about 1.6x10'® cm™. We can now estimate
the threshold current with:

ddN,,
.

Ih=q

where t= 2 um and I= 15 pm are the mesa dimensions and d= 3 um is the active layers’
thickness (without the GaAlAs layers) and t= 4 ns is the spontaneous lifetime (q is the
eiectron charge). This gives us I, = 7.76 mA, which is in the range of observed threshold
currents. The other modes, which will give humps in the specorum, have much higher

threshold gains (several thousands cm™! at least).

Let us now find expressions for the p;’s in terms of the spontaneous emission spec-
tral density rate and the device parameters. To simplify the calculations, we will suppose
a uniform spontancous emission in the whole section (which is consistent with the uni-

form carrier density) and we correct then for the fact that we have emission only in the
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GaAs layers with a factor f. This factor f is equal to the ratio of the thickness of one
GaAs layer to one period. Now, to get the p;’s, we sum incoherently the amplified spon-

taneous emission in each section. For example, we get for p;:
d ’
Pi=f2Erg®)Y [1eM1%dz
0

where v is the fraction of the spontaneous emission coupling to the cavity mode, E is the
photon energy (in Joules) and Ip(E) is the spontaneous emission spectral density rate per
unit volume. The cavity cross-section, txl, is taken as constant. The factor one half
comes from the fact that only one half of the spontaneous emission coupled to the cavity

mode goes in one direcdon. Using equation (14), we have:

|cl‘z | 2=ezcz
which gives us:
d eZGL| -1
Px=Pz=f3'E r,p('E)Y[ G (50.a)
and:
i eZGL:__ 1
Py=ps=f>E r,p(E)v[ e ] (50.b)
Putting (49) and (50) together, we find:
t ko ] e?Chi_ [ e2L_1])
=f—E
Pout 2 l',p(E) [ K~is! Z(ZKB-K)J {(Cl"'c?){ 2G + (C3+C4)|L 3G j S

Finally, let us notice that this is p,,(E). If we want p,(A), since E=hc/A, we have to use:
o= o) 1 = B -
out A T e

The factor between square brackets in (51) has to be examined carefully. It can be
shown [17] that in a periodic waveguide, y becomes dependent on wavelength and con-

L J
tains a factor that cancels the denominator. The expression between square brackets is

]
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then equal 1o the y in an uniform waveguide times a factor of order unity depending on
wavelength. In this paper, we will neglect that factor, although it modifies somewhat the
spectrum [17].

Now, onlyv two factors remain to be specifiea before we can compute the smissicn
spectrum. These are the spontaneous emission rate rg,(E) and the GaAs material gair.
g,(E). Both will be functons of the carrier density. For the spontaneous emission rate,

we know [15] that for the non-thermal equilibrium case, we have:

1 _-EBEN e
)= 5 FA—‘%W-l 7 tms!) (52)

where v is the light’s velocity in the material, E is the photon energy, kg is Boltzrmann’s
constant and T is the temperature. 7he difference between the eiectron and hole Guasi-
Fermi levels (Aep) can be computed from the carrier density N by using the Fermi-Dirac
distribution and the parabolic approximation for the band extrema. Using this and exper-
imental absorption curves from [15], we developed a semi-empirical model for the gain
as a function of E, N, T and N,, where N, is the acceptor concentration {zinc gives a p-
type doping). Figure 17(a) shows typical gain curves for different carrier densities, at
constant temperature, and figure 17(b) for different temperatures, at constant carrier den-
sity.

At this point, we have not yet incorporated rate equations in our model to allow us
to compute the L-I characteristic. Therefore, we will postulate a carrier density and com-
pute the shape of the emission spectrum, but we will not try to get the absolute values.
Thus we do not need to worry about the constants in (50) and (51). The final result is
shown in figure 18(a) and can be compared with the experimental spectra shown in figure
15 and 18(b). The resolution of the measurements in figure 18(b) is 0.7 nm. Figure 18(b)
was measured at much higher currents, in pulsed mode operation. We see that the theory
and the experiment are similar (with reasonable values of the parameters), but that the

relative intensities of the peaks are not reproduced. This may be due to the fact that our
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modei is linear and cannot go above threshold since, as mentioned above, we do not use a
rate equation. Another problem is that we assumed a uniform carrier density in the
pumped section. This is most probably not true because the carrier injection is not uni-
form and the field in the cavity is not uniform either. The field is maximum at the phase
shifter and decreases exponentially above and below (see {16]). This will introduce a
non-unifcrmity in the carrier disaribution that cannot be compensated for by the carrier
diffusion because of the layered structure. So, in the regions of low field, we will have
more spontaneous erission. Also, the bottom of the mesa, which is a low field region, is
much wider than the top (fig. 13(b)). This means that the light emitted on the sides sees a
different vertical structure and may alter the emission spectrum.

Notice in figure 18 the slight shift in peak position with increasing carrier density.
This is due to the change in the index of refraction of the GaAs layers with the carrier

density. In our model, we used [6]:
An=2.2x10"NB - 1.6x1074N¥? - 9.75x10"2N (20)

where An is the index change and N is the carrier density in cm™. We also incorporated a

dependence on temperature {15]:
An =4x10"*(T-300) (21)

where T is the absolute temperature in Kelvins. We assumed that the change in index of

refraction was the same for the GaAs and the GaAlAs layers.

This effect of the temperature on the index of refraction is responsible for the shift
in peak positions that we observe in figure 19, which shows the emission spectrum at
several temperatures (with the carrier density kept constant). Figure 19(a) shows the
theoretical calculations and figure 19(b) shows the experimental result. Once again, the
agreement is good, except for the relative peak amplitudes. We notice that when the
temperature changes, the relative peak amplitudes change also. This is due in part to the

modification of the gain specoum with temperature, as shown in figure 17(b). This
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modification is due to z number of factors, the main ones being the change of the
bandgap and that of the density of siates with temperature. We see that the wavelength
of maximum gain changes anc so does the value of thai maximum gain. When the mode
position coincides with the maximum gain, the peak amplitude is maximvm. This occurs
around 300K for the peak at 884 nm (at 300K). When we change the temperature, the
maximum gain and the mode shift at different rates and, as a result, the peak amplitude

Jecreases.

IX. Conclusions

In this paper, we have developed a way to compute the propagation constants of the
modes in a one-dimensional periodic structure over a certain band of frequency, when
material dispersion is present. The correct interpretation of the solutions is based on the
direction of the power flow. This led us to discover that, for a structure with even sym-
metry, the backward and forward propagating modes exchange their roies when the gain
changes sign in the stop-band. These results were checked in the two layers case by
obtaining an exact solutfon. We then derived the formulas for the reflection and

ransmission coefficients at the interface beiween a periodic and a uniform section.

Using these results, we developed a model to compute the emission spectrum of the
surface-emitting laser diode (SELD) below threshold. We made several assumptions in
this model. The main ones are: (1) The Bloch wave description for the electric field is
accurate. (2) The carrier density is uniform in the pumped region. (3) The horizontal
cross-section (parallel to the layers) is constant from the top to the bottom. We think that
the first assumption is a good approximation, but that the second and third ones are par-
tally responsible for the discrepancies between the theory and the experimental results.
Qur confidence in the first assumption comes from the good agreement between theory

and experiment for the reflectivity of the layered structure (section VI).
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As mentioned in section VIII and in the previous paragraph, the assumption of a
uniform carrier density is probably not a good one. A variation in carrier density will
rasult in a longitudinal gain non-uniformity, which may change the threshold gain for the
modes and hence explain the difference in the relative peak amplitudes between thecry
and experiment. The fact that the cavity is really trapezoidal (and not rectangular, as
implied by the third assumption) may give a significant contribution to spontaneous
emission and modify the spectrum, since the light emitted on the sides sees a different

vertical structure (see fig. 13).

In conclusion, we can say that our model is sufficient to explain a lot of the
observed characteristics of the specrum. To get a better agreement, we need to extend
its validity above threshold. To do that, we need to incorporate rate equations for the car-
rier density. The next step would be to take into account the longitudinal non-uniformity
of the carrier density, but that is much more difficult and can probably not be done using
the theory developed in this paper. One way to do it would be to use a transfer matrix for

each period (see for example [13]) and solve self-consistently.

On the experimental side, we are now working on 'several improvements, such as
using reactive ion-beam etching to get vertical side-walls to the cavity, which would
avoid the problems due to a trapezoidal cavity. We are considering replacing the zinc
diffusion, which is difficult to control, by a two steps LPE process. We grow first n-type
GaAlAs on one side of the mesa, then p-type GaAlAs on the other side, so that we still
get a transverse p-n junction. We are also working on distributed Bragg reflector
(DBR)-type structures, where we have a relatively long uniform active region (3-5 um)

between a bottom unpumped multilayer and a top dielectric multilayer.
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Appendix A

In this appendix, we derive the exact expression of the average over one period of

the time averaged Poynting vector. We start with an electric field of the form:
E,= [cle("j"’)ld.- ozc‘("ja)z] el (A.1)
Using Maxwell’s equations, this gives:
Hx=-—mim(é—jl3)[cle“"'”"-Cze"""“"} et (A.2)
The time averaged Poynting vector is:
= %Re@xﬁ‘p-%ke(ﬁ,ﬂ,:)e, (A.3)
Which gives us:

s,=?§£[ lcy12e?83 - Iozlze‘z"] »f?o’z’u:un[c,'o2 eizﬁz} (A.4)

Now, for Ey=A(z)cr‘, where A(z) is given by (27), the average of S, over one spatial

period is given by:

1 L
<Sz>=Xszdz
-2

_!A,!z By "°-2M+|s,|2 2in_
OfoA | 2 2g 2g; -
2837, _ e~
LA NPT it WTED
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Apoendix B
This appendix gives the expressions for the reflection and transmission coefficienrs
anc for the propagation factors used to compute the reflectivity, in (44), and the emissior:

spectrum, in (46)-(51). With L,=z,-2, and Ly= 2’2’ (fig. 11 and 16}, we have:

=T 1-r

gy T1=——l—rsn (14sp:
r—sp; | I+ - [
R2=T—Ll e | Ty= (1) ——niel | _1
=rsq | 1+sbl_l I-rsy | 148y
oo Posomsa | Lsa] L Pu(l-spsg)| lﬂa'l
i 1-Pisysn | 1450 ’ 1-Plsyys | 18]
_ Plsgy—si3 [”‘sﬂ _ Pu(l1-5g83) [ 145y B.1)
) 1-Plsyase | 14503 | Y 1-P2sysn [ 15w .
where
. B—ko
ol 1450 | 1
P, =D,= ! et = = !
1=Dr=} < ¥ 2=Dy [ T~
1
1+5¢4 jg 14553 jg )
P;= Py=| — .
3 1+s,3J € 4 { 1+5py ¢ (B.2)

The coefficients s; and s, are defined in (34). The numerical index indicates at which
position z; they are computed (and ko=2%/A).

For the reflectivity calculation (44), we have (fig. 11):

1+8p4
R5='sf4l: 1*‘5{4}

1
Tg=(1—=5¢s (B.3
5. 45 L 1+5f4] )
Notice that for the emission spectrum calculation, L, is different from the L, in the

reflectivity calculation. For the spectrum (46)-(51), we get (fig. 16):
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T¢T;PsPeRg
Re= —_n B.4
s=Re* TTR.R,PoP; (B.4)

where Rs is an effective reflection coefficient, for everything to the left of the Ly/L4 inter-

face in figure 16. And we use (with Ly=2"s2"¢):

Rg= Sfa=Sta | 1+Spa To= 1 —SpqSpa | 14514
1—5fiSpa | 17514 | S 1—sfisee | 1501
st sl dessh [ 1]
T s | T L-sfisee | 1vsis
1451 1454 1452
Ry=—sf| | Py=| | el py| —ot| Tl (B.5)
1455 1+sy 1+5p5

The superscript u for s indicates here that it is the s of the unpumped secton (L) that has

to be used.
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Figure captions

Figu;e 1: Examples of periodic structure that give a one-dimensional wave equation: (2)
waveguides, (b) muitilayers.

Figure 2: Definition of the parameters for the two-iavers structure.

Figure 3: Intensity gain in GaAs, as a function of free space wavelength for three dif-
ferent carrier densities: (1) N=02x10%cm™3, (2) N=1.0x10%cm>3, (3)
N=2.0x10'"8 cm™.

Figure 4: G and 8. for the structure of table 1: (a) without gain or loss, (b) with 2000
cm~! average gain, but neglecting gain periodicity, (c) as in b, but with gain periodi-
city {see text).

Figure 5: G and §.4 for the structure of table ! and the intensity gains of figure 3,
corresponding to three different carrier densities: (a) N=0.2x10"cm3, (b)
N=1.0x10"® cm~2,.(c) N=2.0x10'® cm™.

Figure 6: isl as a function of wavelength for the two solutions of eq. (13), at three diffrent
carrier densiies (Fig. 3): (a) N=0.2x10"¥cm™, (b) N=1.0x10"*cm>3, (c)
N=2.0x10" cm™. |

Figure 7: Re(s) and Im(s) as functions of wavelength, at three differeat carrier densities
(Fig. 3): (a) N=0.2x10'® cm~3, (b) N=1.0x10'® cm™3, (c) N=2.0x10'® cm™3.

Figure 8: Definition of the transmission and reflection coefficients at a periodic/uniform
regions interface {equaton (39)).

Figure 9: Definition of the transmission and reflection coefficients at a phase shifter
(equation (43)).

Figure 10: Model used for reflectivity and emission spectrum calculations. One pair con-

sists of a quater-wavelength layer of GaAs and a quarter-wavelength layer of GaA-

1As. Dimensions are given in Table 1. q

——
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Figure 11: Definition of the coefficients for the reflectivity calculation (44).
Figure 12: (a) Result of the reflectivity calculation, with a center wavelength of Ay= 893
nm. (b) Comparaison of experiment with best theoretical result (see text).

Figure 13: (a) Structure of the surface-emitting laser diode (SELD). (b) Scanning elec-

ron microscope picture of a SELD.
Figure 14: L-I characteristic of a SELD at room temperature, CW operation.

Figure 15: Emission spectrum of a SELD at different drive currents, room temperature,
CW operation. |

Figure 16: Definition of the coefficients for the emission spectrum calculation {equations
(46-51).

Figure 17: GaAs intensity gain curves (N, =2x10'® cm™): (a) at T=300K, for several car-
rier densities, (b) at N=1.0x10"® cm™> and several temperatures. These were

obtained with the same model as for figure 3.

i’igure 18: Emission spectrum for several carrier densities (currents) at 300K: (a) theory
(Ao= 890 nm, phase shifter thickness = 0.4 A), (b) experiment (pulsed mode opera-
tion).

Figure 19: Emission spectrum for several temperature, at constant carrier density
(current): (a) theory (N= 1.0x10'® cm™3, same parameters as in figure 18), (b) experi-

ment (I=320 mA, pulsed operation).




Table 1
o $90 nm
: n{GaAs)=n; 3.59

|

n(GaOJAlosAS):ﬂz 3.394

| i (average index) | 3.494

7y 62 nin

7, 65.6 nm

A 127.6 nm

Kj 2.467x10" m™!

x=B=p_; 4.4x10° m™
Amplitude gains

g .1/2 of fig. 3or 17

g
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On The Emission Properties of Surface-Emitting DFB and DBR

Semiconductor Lasers

T.G. Dziura and S.C. Wang
Lockheed Palo Alto Research Laboratory
3251 Hanover Street
Palo Alto, CA 94304

We use a single mode transfer equation model to study the
performance of vertical-cavity surface-emitting DFB and DBR
semiconductor lasers above threshold. We find that DBR lasers exhibit less
envelope spatial hole burning than both single and double phase-shifted
DFB lasers and therefore may achieve more stable single longitudinal mode

operation.




Surface-emitting semiconductor lasers are being developed for two

dimensional array applications and may eventually be wuseful 1in
optoelectronic integrated circuit technology. The designs can be
distinguished according to whether the resonator feedback is in the plane
of the wafer! "4 5’8; Fabry-Perot, distributed feedback
(DFB), distributed Bragg reflector (DBR), and mixed Fabry-Perot-DBR-type

or normal to it

devices have been demonstrated. The threshold current of these lasers
must be minimized to reduce heating effects, total array power
requirements, and the size of on-chip drive electronics, but a high output
efficiency is also desirable. A model intended to determine the optimum
structure should be capable of calculating the output characteristics above
threshold. Several authors have used coupled mode theory to analyze DFB
lasers in the above threshold regime. Hill and Watanabe’ constructed a
numerical treatment and considered the problems caused by parasitic
losses. Haus!O derived analytical formulas for the output power of

11 extended these results to the

overcoupled lasers, and Szczepanski
undercoupled case. These authors did not consider the effect of phase shift
layers, and the effect of facet reflections was considered only in Ref. 11.
Also these results are more appropriate to edge-emitting lasers; the
coupled mode formalism assumes weak coupling between the
counterpropagating waves, and surface emitting lasers nominally operate
in the strong coupling regime. Typically the distributed feedback
coefficient K ~5000-10000 cm™! for surface emitters, and K ~50 cm™! for
edge emitters. In order to take this strong coupling effect into
consideration and to include the effects of gain saturation, we have

12

extended the discrete propagation techniques of Bjork and Nilsson' “ and

have applied this model to a comparison of vertical cavity surface-emitting




DFB and distributed Bragg reflector (DBR) lasers. We also analyze the
performance of a structure we have recently developed7. The methods of
Ref. 12 are particularly amenable to computer calculation and well suited
to analyzing resonators having a multilayer structure. They are also
flexible enough to be used in cases involving facet reflections, phase shift
layers. amplifying regions, and dielectric coatings.

The type of laser we will consider employs a multilayer
heterostructure for distributed feedback and a buried heterostructure
waveguide for optical mode confinement. Phase shift layers or amplifying
layers may be placed anywhere along the resonator length. The equations
we use to model such a laser comprise two sets. The first set treats the
free propagation of the forward and backward waves within a layer

according to

B(z;+1;) = By(z;) expl-iBjl; - (1/2) g;(A;, B)1j] (2)
gi(Aj, B) = gg/(1 + IA(Z)I2 + Bi(z)I?) 3)

where Ai and Bi are the normalized forward and backward wave

amplitudes in the i-th layer, z:

i is the axial position of layer i, B;is the

propagation constant, I, is the i-th layer thickness, and g; and g, are the

saturated and unsaturated intensity gain coefficients respectively. In Eq.
(3) we have assumed that carrier diffusion effectively eliminates any
longitudinal spatial hole burning within a layer; we also ignore the
transverse variation in the laser mode and homogeneously saturated gain.

The fields are propagated across an interface between layers 1 and j




using the eauation set

(B + By (Bj - Bj)
— 1 v
(Bi - By (Bi + By
Bj = Fij f““—agj Ai+ g, Bil (5)
Pii (172 Hij
i =(-B_T|L)( ) (HiiHjj)(“z) ©

where w; is the waveguide mode field function in layer i, and the sum in

Eq. (7) is over polarization. Eqs. (4-7) have been derived following results

by Wang13.

The overlap integrals in Eq. (6) account for the mismatch in
mode profile between two layers. It is assumed that the power scattered
into higher order waveguide modes is negligible; this is a good
approximation for the surface emitting lasers demonstrated to date. In the
case of an interface between a waveguiding region and a non-waveguiding
region, we assume that to first order and for short propagation distances
the transverse mode profile in the free space region is the same as that in
the waveguide; we also use the plane wave propagation constant for the
non-waveguide region. Eqs. (1-7) are used repetitively to calculate the
field amplitude in all layers; the boundary conditions are satisfied only for

a particular set of values of gy, A, By, and A, - (n is the number of layers).

We use a quasi-Newton optimization routine to efficiently calculate the

solution for each value of the output powerM.

We show in Fig. 1 the forward and backward output power versus




pumping calculated for the lowest order longitudinal mode (at 882.6 nm)
of the structure of Ref. 7. The resonator consists of 80 pairs of
Alg 3Gag 7As/GaAs tuned to 883 nm. The quarter-wave phase shift layer
is used to ensure oscillation at the Bragg mode; its placement 20 pairs
from the output facet effectively diverts most of the power in that
direction. The slight superlinearity in the output curve can be explained
by examining the axial distribution of the intensity, plotted in Fig. 2a, at a
pumping twice the threshold pumping. [t is seen that the intensity is
maximized at the phase shift layer, and the gain is saturated only in the
front portion of the resonator. This mode will not tend to oscillate
coherently since spontaneous emission processes dominate in the back
portion of the resonator. In fact the gain there is available for extraction
by the next mode with shorter wavelength (at 860.8 nm), since its
intensity is maximized in that section of the structure (Fig. 2b). For this
laser the threshold gain of the mode at 860.8 nm is roughly four times that
of the Bragg mode, and therefore its contribution to the output spectrum
will likely be as a broad amplified spontaneous emission background. A
similar effect was noted by Usami et al.15 in a study of edge-emitting
lasers; the large coupling coefficients used here (K ~ 5400 cm'l, KL ~5.4)
exacerbate this problem. The large oscillation linewidth and multimode
spectrum observed in Ref. 7 may possibly be explained by these
considerations.

It has been suggested recently16'18 that the use of multiple phase
shift layers can help reduce the problems associated with spatial hole
burning. We examine by way of example a distributed feedback design

with 75 pairs of Aly gGap jAs/GaAs tuned to 839 nm, and with phase shift

layers inserted at the 25-th and 55-th pairs from the back facet. Both




shifters are 0.425 waves in thickness, and the estimated KL for this
structure is 12.5. These parameters were chosen to smooth the saturated
gain distribution as well as force lasing near the GaAs spectral gain

maximum. The axial intensity distribution for the first lasing mode at 875

nm is shown in Fig. 3a, again at twice the threshold. The intensity is a
maximum at both phase shift layers, and the fraction of the resonator
experiencing gain saturation and coherent emission is larger than in the
single phase shifter design. The large detuning of the mode from the Bragg
wavelength aids in smoothing the intensity distribution between the phase
shift layers. Unfortunately this mode is still susceptible to gain
competition from neighboring modes as is confirmed by examining the
axial distribution of the higher threshold mode at 892 nm (Fig. 3b). This
mode can extract the spatial gain that is unused by the main lasing mode.
Simple DBR lasers do not in general suffer from these problems. The
boundary conditions imposed by the two endmirrors cause the axial
intensity to be a maximum in the amplifying layer, leading to efficient gain
conversion. This is illustrated in Fig. 4 for a representative DBR structure
(for one endmirror KL~3.50, for the other KL~1.66; the amplifying layer is
2 pm thick). For the higher order longitudinal modes the increased
detuning from the Bragg wavelength causes the intensity distribution to be
a maximum in the DBR reflector and outside the amplifying layer, reducing
the gain extraction and ensuring good mode discrimination. Mixed DBR-
Fabry-Perot lasers have exhibited high mode selectivity and narrow
linewidth5’8, lending credence to these conclusions. Our theory can be
used to model these lasers by assuming plane wave propagation in the
dielectric mirror, as discussed above. A prediction of the oscillation

linewidth of single mode emitters is outside the scope of our present q




treatment, as it is determined in part by factors such as layer thickness
fluctuations which we have not included.

In conclusion, we have applied discrete propagation methods to
analyze the emission properties of DFB and DBR surface emitting lasers.
For DFB lasers with either one or two phase shifting layers the mode
discrimination can be rather poor due to competition for the spatially
varying gain. Our results suggest that DBR lasers are less susceptible to
these spatial hole burning effects.

This research was supported in part by the Office of Naval Research

and the Air Force Rome Air Development Center.
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Figure Captions

Fig. 1. Power output versus pumping parameter.

Fig. 2. Single phase-shift laser axial intensity distribution for the Bragg
mode (a), and next higher order longitudinal mode (b) .

Fig. 3. Double phase-shift laser axial intensity distribution for the lowest
order (a) and next to lowest order (b) axial modes.

Fig. 4. Axial intensity distribution of the fundamental mode of a DBR laser.
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High modulation rate laser array for microwave optics
§. C. Wang and T. G. Dziura

Lockheed Palo Alto Research Laboratory
3251 Hanover ‘treet, Palo Alto, California 94304

ABSTRACT

The structure and performance characteristics of a GaAs surface emitting
laser (SEL) diode and a 2-D array of SELs is reported. The SEL has a very
short optical cavity with a distributed feedback structure, and emits light
perpendicular to the wafer surface. The laser shows low threshold current and
has an estimated high frequency response of tens of GHz. A 2-D array of SELs
with 6 x 16 elements was designed and demonstrated.

1. INTRODUCTION

A two dimensional(2-D) array of laser diodes is desirable for many
applications including optical signal processing, optical interconnect, and
optical computing. In particular, a 2-D array with high modulation rate
capability and individually addressable control can have application in
microwave optics such as an optically controlled phased array microwave
system. In this paper we report on a new type of 2-D array made of surface
emitting laser diodes we demonstrated earlier.l The SEL diode has many unique
features including vertical emission, short optical cavity, low threshold
current, and the potential for very high rate modulation. Most importantly, it
can be scaled into a 2-D array easily without the rack and stack technique
used in assembling conventional laser diode arrays.

In the following secticns, we briefly describe the structure of this laser
diode and present the key performance characteristics. The modulation response
of the SEL diode is also discussed. Finally we illustrate the configuration
and demonstration of a 2-D laser array made of the SEL diodes.

2. LASER DIODE STRUCTURE

A schematic sketch of the SEL is shown in Figure 1. The laser diode
structure is a surface emitting type in which the 1light emission is
perpendicular to the wafer surface instead of parallel to the wafer surface as
in conventional edge emitting laser diodes. The SEL utilizes a transverse
buried heterojunction structure to inject current laterally and to confine the
injected carriers, and has a distributed feedback (DFB) vertical cavity type
resonator. The active region i3 a multilayer structure which is made of
multiple pairs of Alg 3Gag. 7As and GaAs layers with quarter-wavelength optical

thickness per layer. Typically, the multilayer structure has 20 pairs of these
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thin layers at the top and 60 pairs at the bottom, and a GaAs phase shifting
laver of about quarter-wavelength thickness in between. The phase- shifting
layer allows the laser to lase at the Bragg wavelength of the multilayer
structure. This multilayer structure also acts as a DFB optical cavity for the
laser diode. The buried heterostructure with a transverse junction is formed
by the N- and P-AlGaAs heterojunction cladding layers surrounding the active
region.

Because of the lower turn-on voltage for the GaAs junction than that of
the AlGaAs junction, the carriers are predominantly injected into the GaAs
part of the active region. The radiative recombination of these carriers in
the active region and the feedback effect of the DFB cavity produce vertical
laser emission perpendicular to the junction and the wafer surface as shown in
Fig. 1.

Light Output

Electrode

(a) Side View P n p-n Heterojunction

Active Layers

Substrate

(b) Top View P Surface Emitting

—— Area

Figure 1. Schematic diagram of surface emitting laser diode

A typical SEL has a rectangular emitting area of about 3 x 15 um and an
electrode on each side (p- and n-junction) providing for lateral current
injection. With this type of structure and arrangement, the SEL can be tested
as grown on the wafer without the cleavage process required for the
conventional laser diodes. It also makes 2-D array formation and
optcelectronics integration easier. The following performance characteristics




of SEL were measured on the wafer basis and under the normal room-temperature
operation.

Cne cof the distinct characteristics of this SEL is its emission pattern.
Figure 2 shows a near-field emission pattern as viewed with a photomicrosccpe.
The emissicn pattern is tightly confined within the rectangular emitting
surface area, and is fairly uniform across the area as shown by the intensity
profile. The far-field typically shows a nearly circular beam pattern with a
beam divergence angle of about 8 deg. The laser emission wavelength of this
SEL is typically around 884 nm near the GaAs bandgap.

Figure 2. Near-field emission pattern

Another characteristic of this SEL that is very important for high speed
modulation and optical signal processing is the relatively low threshold
current operation requirement and linear light output dependence on the
driving current. Figure 3 shows a typical light output versus driving current
relation of the SEL tested under cw operating conditions. The light output
increases linearly with the current up to 25 mA. This linearity is desirable
for distortion free analog modulation. The output power of the SEL is about
90 uW at 25 mA for this case, a higher output of up to 0.5 mW was obtained at
higher operating current. The threshold current is about 2 mA based on this
data, which is substantially lower than the conventional laser diode. This low
threshold current characteristic together with the short laser cavity
configuration promise a very high speed modulation capability.
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Figure 3. Light output vs driving current characteristics

4. MODULATION RESPONSE OF SEL

The modulation bandwidth of a laser diode is typically limited by the
relaxation oscillation of the laser diode. The relaxation oscillation
frequency, £, is related to the laser device parameters through the following
approximate expression:

=4 /1L 1.
f= oz (5 D

[+]

Where Te and Tp are lifetime of carriers and photons, Jo is the threshold
current density and J is the operating current density. For the SEL, the
threshold current is about 2 mA and the cavity length is about 5 pum. If we
assume the confinement factor is 0.5 , internal loss is 10 cm~l, a cavity of
effective length 5 um, and reflectivity of 70 %, then the photon lifetime is
about 8 x 10-14 sec. For a carrier liferime of 2 nsec ( typical for GaaAs ),
the relaxation frequency is about 25 GHz for an operating current of 10 mA.
Therefore, high speed modulation can be expected from this type of SEL.
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Preliminary investigaticn ¢f the pulse response characteristics of the 3EL
iizde was conducted, using a 50 nsec current pulse at 1 KHz repetition rate
and a 40 psec rise time photcdetector. Figure 4 shows the initial result of
tput response to che current pulse taken by a sampling scope of
width. From this initial data,the rise time of the light emission
1low that -f the current pulse, which has a risetime of about 5
nsec. A slight relaxaticn oscillation 1s observable on the 1light output
response but 1s not very pronounced. Further investigaticn using faster rise
time current pulse 1s planned. In addition, a new improved SEL structure to
educe the parasitic capacitance and series resistance 1is contemplated.
urther results on this will be reported later.
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Figure 4. Response of light output to current pulse

Because of the planar structure and surface emission of SEL, formation of
1-D and 2-D array is relatively simple to accomplish. For example, a 3 x 3 of
SEL array can be formed easily az illustrated schematically in Figure 5. By
properly design of the masks for the array, the SEL array can be fabricated
using the same 3ejquence of processing step as the fabrication of individual
SELs.
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Figure 5. Schematic configuration of a 3 x 3 SEL array

Using the DFB type SEL diode structure described previously, we fabricated
a number of arrays with 1-D and 2-D configurations. Figure 6 shows the
photomicroscopic picture of a 2-D SEL array with 6 x 16 elements on a GaAs
chip of about 2 mm x 2 mm. The light emitting area is adjacent to the bright
shinning rectangular region of Au electrode pads. The spacing between each SEL
element is about 100 um, limited by the electrode pad size which is about 80um
x 80 um. The light emitting area varies from 3 um x 15 pm to 3 Hm x 20 Hm,.

The array chip was mounted on a standard multiple pin chip carrier for
testing. Figure 7 shows the emission pattern of the SEL array under cw
operation. Because of the different emission area of SEL elements in the array
and possible nonuniformity in the wafer and fabrication process, the threshold
current for each SEL varies widely between a few mA to a few tens of mA.
Therefore, the array emission pattern was taken by adjusting the driving
current of each SEL to provide a nearly uniform emission intensity. As can be
seen from the emission pattern, the overall array has a fairly good yield with
about 95 % of the SELs in the array emitting radiation.

This array configuration allows each SEL element in the array to be
addressed individually as demonstrated by the emission pattern shown in Figure
7 and provides possibility of modulating each SEL element independently.
Furthermore, 2-D optoelectronic integration of the SEL with other electronic
components such as a MESFET driver to provide very high speed operation is
also possible for this type of SEL.
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Figure 6. Photomicroscopic view of a 6 x 16 SEL array
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Figure 7. Emission pattern of a 6 x 16 SEL array
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NCLUSION

We report a new type of 2-D laser array made of SEL diodes. The SEL diode
has a transverse buried heterojunction structure with a short distributed
feedback laser cavity, and emits vertical radiation perpendicular to the wafer
surface. The laser shows very low threshold current in the order of a few mA.
These key features together with the preliminary data and estimation suggest
that the SEL and its array can be moadulated at a very high rate in the order
of tens of GHz. We describe the design of 2-D laser array based on the SEL and
demonstrate the operation of a 6 x 16 2-D SEL laser array. The result
indicates that a 2-D SEL array is scalable and individually addressable. With
many unique features of the SEL and 2-D array, we believe the SEL and SEL
array will be very attractive for use in microwave optics, optical signal
processing, and optical interconnect applications in the future.
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